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ABSTRACT 
Dissolved air flotation (DAF) is a separation technique, often used after a primary gravity 
separator to enhance the quality of the wastewater, so it can be released to streams, rivers, and 
the sea in a manner not to violate the environment. DAF works by removing oil droplets from 
oil-in-water mixtures by air bubbles of an average diameter of 50 μm with a standard deviation 
of 5.5 μm. The air bubbles used in these experiments were generated as a result of rapid 
pressure reduction of water saturated with air when it released from the bottom of the DAF 
tank. The main aim of the DAF experiments reported here was to measure the removal 
efficiency of oil droplet mostly in a diameter range between 15 and 80 μm that were created 
using a static mixer. The DAF tank located at the University of Surrey was a scale model of 
existing DAF unit used by Thames Water plc. The effects of seven operating parameters that 
are believed to affect the performance of DAF were investigated. The operating parameters 
consist of inlet oil concentration, air saturator pressure, temperature, the salinity of continuous 
phase, type of oil, flow rate of the mixture and coagulant dosage. Two independent analysis 
methods were used to estimate the removal efficiency of oil droplet. They are a droplet counting 
and an oil-in-water measuring methods. The droplet counting method used a Coulter Counter 
that provided numbers of oil droplet passed through the aperture based on the selected size 
range. The oil-in-water measuring method used an ultraviolet and visible spectroscopy (UV-
Vis), which the removal efficiencies were estimated from the absorbance values that were 
measured at the optimum wavelength of 400 nm. The analyses done with these two methods 
found that the inlet oil concentration and flow rate of the mixture into DAF tank were inversely 
proportional to the oil droplet removal efficiency. The other parameters such as saturator 
pressure, temperature, water salinity and alum dosage were directly proportional to the oil 
droplet removal efficiency. Vegetable oil, which has larger spreading coefficient than lamp oil 
obtained a better oil droplet removal efficiency. Coulter Counter showed that a better removal 
efficiency for vegetable oil obtained at larger oil droplet ranges size, 50µm and above. This 
was because the oil droplets were removed by gravity and enhanced by air bubbles. Contrary 
to lamp oil, which the worst removal efficiency was obtained at larger size ranges due to the 
coalescence of oil droplets. Results from these experiments were used to obtain a correlation 
that can predict removal efficiency. This was done by performing dimensional analysis. It was 
carried out using Buckingham Pi and scaling methods. It involved with the identification of 
Aliff Radzuan Mohamad Radzi  Abstract 
ii 
 
two non-dimension and nine dimensional parameters. The dimensional analysis concluded that 
the removal efficiency is a function of eight other dimensionless groups, which are ratio of 
inlet oil and mixture flow rate 𝐶𝑜𝑖𝑙(𝑖𝑛), ionic strength ratio of coagulant/salty water over sea 
water  𝐼𝑟, pressure ratio of DAF over atmospheric pressure 𝑃𝑟, ratio of spreading coefficient of 
mixture over surface tension of water-air 𝑆𝑟, density ratio of oil over continuous phase 𝜌𝑟 , 
Reynolds number 𝑅𝑒, ratio of Sauter mean diameter over the length of the flotation tank 𝑑32/𝐿 
and recycle ratio 𝑅𝑟  These functions were attempted as a linear correlation for overall oil 
droplet removal efficiencies and was found to have a root mean square error of 6.4%. This 
correlation also predicted removal efficiencies less than zero and greater than one for several 
experiments. An alternative mathematical formulation was devised that cannot predict removal 
efficiency outside the range between zero and one. Regression of the data by this formulation, 
which had the same number of adjustable parameters as the linear regression, was successful 
with a lower root mean square error of 5.4%. 
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NOMENCLATURE 
Abbreviation Description  
Avg Average  
CCM Cubic centimetre per minute  
DAF Dissolved air flotation  
DGF Dissolved gas flotation  
RMSE Root mean square error (Defined in Eq. 6.11)  
SSE Sum square of error (Defined in Eq. 6.10)  
Voil Vegetable oil  
   
Symbol Description Unit  
a Absorbance  
 
?̅? Average absorbance (Defined in  Eq. 4.17)   
𝐴 Area m2  
𝐴b Projected area of bubble m
2  
𝑎in Absorbance value of inlet oil   
𝑎lo Absorbance value of lamp oil (Defined in  Eq. 4.7)   
Ao Cross-sectional area of the oil layer in the tank m
2  
𝑎out Absorbance value of outlet oil   
𝑎vo Absorbance value of vegetable oil (Defined in  Eq. 4.6)   
BOD Biological oxygen demand  kg L-1  
COD Chemical oxygen demand  kg L-1  
𝐶𝐷 Drag coefficient (Defined in Eq. 2.9)   
𝐶eq Concentration of solute in equilibrium  kg mol
-1  
𝐶lo Concentration of lamp oil (volume fraction)   
𝐶oil Concentration of oil (volume fraction)   
𝐶oil(in) Inlet oil concentration (volume fraction)   
𝐶oil(out) Outlet oil concentration (volume fraction)   
𝐶p Proportionality constant   
𝐶vo Concentration of vegetable oil (volume fraction)   
𝐷 Diameter m 
 
𝑑32 Sauter mean diameter of oil droplets (Defined in Eq. 6.1) m  
𝑑95 
Droplet diameter below 95% of dispersed phase volume 
(Defined in Eq. 2.20) 
m  
𝑑b Diameter of air bubble m  
𝑑h Hydraulic diameter m  
𝑑max Maximum stable droplet diameter (Defined in Eq. 2.16) m  
𝑑o Diameter of oil droplet m  
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𝑑o,a Oil droplet surface area m
2  
𝑑o,v Oil droplet volume m
3  
𝑑pipe External diameter of the pipe m  
𝐸 Removal efficiency of the regression (Defined in  Eq. 6.3)   
𝐸cc 
Removal efficiency obtained from Coulter Counter analysis 
(Defined in  Eq. 4.13) 
 
 
𝐸𝐹𝐻 
Removal efficiency obtained from FastHEX analysis 
(Defined in  Eq. 4.8 and Eq. 4.9) 
  
𝐹b Buoyant force kg m s
-2  
𝐹d Drag force kg m s
-2  
g Gravity acceleration m s-2  
H Henry's constant mol L-1  
𝐻𝑐 Height of cuvette m  
𝐻𝑤 Height of water m  
𝐼𝑠 Ionic strength (Defined in Eq. 6.2) Mol kg
-1  
𝐼𝑟 Ratio of solution ionic strength over NaCl ionic strength   
𝑘𝐵 Boltzmann’s constant kg m
2 s-2 K-1  
𝑘𝑑 Coulter Counter’s Aperture calibration constant   
𝐿H Hydraulic Loading Rate (Defined in Eq. 2.5) m hr
-1  
L Length m  
𝐿𝑜𝑖𝑙 Lamp oil   
𝐿ow Oil/water disengagement length m  
N Amount of substance mol  
n Number of reading   
𝑛𝑐𝑐 Number obtained from Coulter Counter    
Ne Newton number   
𝑃 Pressure Pascal 
 
𝑝 Partial pressure (Defined in Eq. 2.6) Pascal   
𝑃𝑟 Ratio of saturator pressure to atmospheric pressure   
𝑃sat Saturator Pressure Pascal  
𝑃vap Vapour Pressure Pascal  
𝑄𝑚 Volumetric flow rate of the mixture m
3 s-1  
𝑄𝑜 Volumetric flow rate of oil m
3 s-1  
Q1 Flow rate of the mixture to static mixer m3 s-1  
Q1 Flow rate of the mixture to DAF tank m3 s-1  
r Radius m  
R Universal gas constant J mol-1 K-1  
𝑅𝑒 Reynolds number    
𝑆𝑆 Suspended solid kg L-1  
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𝑆𝑜 Spreading coefficient (Defined in Eq. 2.11) N m
-1  
𝑆r 
Ratio of oil surface tension over continuous phase surface 
tension 
  
𝑇 Absolute temperature K  
𝑡 time s  
TSS Total suspended solid kg L-1  
𝑢𝑏 Uniform rise velocity of air bubble (Defined in Eq. 2.10) m s
-1  
𝑢m Uniform rise velocity of mixture m s
-1 
 
𝑢o Uniform rise velocity of oil droplet (Defined in Eq. 2.12) m s
-1  
V Volume m3  
𝑉b Volume of air bubble m
3  
𝑉cz Volume of contact zone m
3  
𝑉𝑓 Volume fraction (Defined in  Eq. 4.11)   
𝑉𝑖 Volume of that particular size range (Defined in  Eq. 4.10) m
3 
 
𝑊𝑒 Weber number (Defined in  Eq. 2.19)   
𝑊𝑒dr Weber number of droplets (Defined in Eq. 2.14)   
    
    
Greek Letters Description Unit  
ɤoa Oil-air surface tension N m-1  
ɤow Oil-water surface tension N m-1  
ɤwa Water-air surface tension N m-1  
α Regression coefficient of inlet oil concentration   
β Regression coefficient of ionic strength ratio   
Δ Difference   
δ Regression coefficient of pressure ratio   
ε Energy dissipation rate W kg-1  
𝜂𝐵𝑂𝐷 
Removal efficiency of biological oxygen demand  
(Defined in Eq. 2.2) 
  
𝜂𝐶𝑂𝐷 
Removal efficiency of chemical oxygen demand 
(Defined in Eq. 2.1) 
  
𝜂𝑆𝑆 Removal efficiency of suspended solid (Defined in Eq. 2.4)   
𝜂𝑇𝑆𝑆 
Removal efficiency of total suspended solid  
(Defined in Eq. 2.3) 
  
θo Oil residence time  s  
𝜇𝑐 Dynamic viscosity of continuous phase N s m
-2  
𝜇𝑑 Dynamic viscosity of dispersed phase N s m
-2  
𝜇𝑤 Dynamic viscosity of water  N s m
-2  
ν Kinematic viscosity (Defined in  Eq. 4.14) m2 s-1  
ξ Regression coefficient of density ratio   
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𝜌𝑏 Air bubble density kg m
-3  
𝜌𝑐 Continuous phase density kg m
-3  
𝜌𝑜 Oil density kg m
-3  
𝜌𝑟 Ratio of oil density over water density   
ρw Water density kg m-3  
σe Standard error (Defined in Eq. 4.5)   
ϕ Regression coefficient of Reynolds number   
ψ Regression coefficient of spreading ratio   
χ Regression coefficient of recycle ratio   
ω Void fraction of the mixture   
Ω 
Regression coefficient of Sauter mean diameter over the 
length of the tank. 
  
Ф Regression coefficient intercept value   
    
Equipment Description   
C-01 Water saturator pressure column   
F-01  Water filter   
FI-01 Flow indicator   
FI-02 Flow indicator   
Fi-03 Flow indicator   
P-01 Flexible vane pump   
P-02 Flexible vane pump   
P-03 Air driven pump   
SMV-02 Static mixer   
TK-01 Oil feed tank   
TK-02 Water feed tank   
TK-03 Flotation tank   
TK-04 Water sump tank   
TK-05 Effluent tank   
TK-06 Salty water tank   
TK-07 Coagulant tank   
V Valve   
V-03 Inlet sample point   
V-04 a/b/c Sintered metal nozzle   
V-05 Outlet sample point   
V-10 Inlet air to saturator pressure column   
V-11 Pressure regulator   
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1  INTRODUCTION 
1.1 Background 
Most of the oil-in-water mixtures are generated from the oil and gas industries; onshore and 
offshore refineries. The oil-in-water mixtures are also known as produced water. The demand 
for the crude oil results in increasing produced water being discharged to the streams, rivers or 
the sea. This already becomes one of the significant environmental issues. Produced water 
generated from this industry not only contains oil but also consists of several compounds like 
minerals, particles and also dissolved gas. Produced water must be treated to remove the 
compounds before it can be discharged. Removing the produced water without proper 
treatment is strictly prohibited unless it can be proved low in salinity and hydrocarbon content. 
Apart from the oil and gas industries, the food and the palm oil industries are considered as the 
major contributors of the waste water that contains oils, fats, and greases. They are the example 
of the water-consuming industries along with the pulp and paper, and textile industries. The 
wastes from these industries contain high concentrations of oil as their basic contaminant if 
they are not treating properly. 
A waste water treatment unit should be designed for having the abilities to separate 
maximum amount of oil from the oil-in-water mixture such that it obeys the legislations and 
can be discharged in a manner not to violate the environment. The wastewater treating unit has 
the same function, which is to remove oil from the oily wastewater as well as solid particles. 
Several separation units require high energy to supply to the system for the separation to occur; 
such as hydrocyclones and centrifuge. However, there are separation units that not require 
energy but may take a longer time to perform such as primary gravity separator, coalescers, 
and flotation.  
This experimental research project is mainly focused on the dissolved air flotation (DAF). 
DAF is a separation technique used to treat water polluted with particles, droplets or 
microorganisms in a range of 10-100 μm. It is often used after a primary gravity separator as a 
polishing unit so that the wastewater can be released into streams, rivers or the sea. DAF has 
been applied in many industries such as in the preparation of raw water by water companies at 
wastewater treatment plants (Edzwald and Haarhoff, 2012; Hague, 2003), to remove particles 
in the mining and mineral processing industries (Al-Thyabat and Al-Zoubi, 2012; Rodrigues 
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and Rubio, 2007), for pre-treatment in the desalination process (Haarhoff and Edzwald, 2013), 
for cleaning up animal waste in the agricultural industries (Creamer et al., 2010), for waste 
treatment in food-processing plants (Yoo and Hsieh, 2010), and in crude oil refineries (Moursy 
and Abo El-Ela, 1982).  
In this research project, combination of several parameters that have effects on the removal 
of vegetable and lamp oil from the oil-in-water mixture will be systematically investigated. 
These are the combinations of parameters that have been investigated by previous researcher 
but using different type of oils (Abia-Biteo Belope, 2010; Al-Shamrani et al., 2002a; Hanafy 
and Nabih, 2007; Moosai and Dawe, 2003; Moursy and Abo El-Ela, 1982). The operational 
parameters are inlet oil concentration, air saturator pressure, the temperature of the feed water, 
the salinity of continuous phase, types of oil, flow rates of the mixture into the static mixer and 
DAF tank, and also coagulant dosage. The oil droplet removal efficiencies reported here will 
be measured using two independent methods that are a droplet counting and oil-in-water 
measuring methods. 
1.2 Research Project Aim and Objectives 
The aim of this experimental project was to characterise the enhancement of the removal of 
oil droplets from oil-in-water mixtures using dissolved air flotation unit. The purpose of this 
aim was to encourage the reduction of the amount of oil released into streams, rivers and the 
seas from the oil-based industries. This can be achieved by accomplishing four main objectives 
that are dependent to each other as outlined below. 
The first objective of this experimental project was to remove tiny oil droplets of a diameter 
smaller than 100 μm using air bubbles that are produced using the DAF system located at the 
University of Surrey. Oil droplets greater than 100 μm were not the focus of this investigation. 
It has been shown that droplets or particles with a diameter larger than 100 µm can be removed 
effectively using primary separators such as a gravity separator or hydrocyclone. Although 
most of the oil is removed by primary separators, the level of oil in refinery and another 
industrial wastewater is still a significant environmental concern. That part of  the oil present 
as fine droplets, emulsified or soluble cannot be removed by them (Moursy and Abo El-Ela, 
1982). The DAF unit used in this experimental project was previously used to conduct the 
experiments of the flotation of solid particles (Hague, 2003). Nicolas, (2003) used the rig for 
the determination of the rate of release air in the contact and flotation zone, and Abia-Biteo 
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Belope & Thorpe, (2007) modified the rig to determine the size of oil droplets in continuous 
water.  
The second objective of this experimental project was to investigate several operational 
parameters that are believed to affect the removal of oil from the oil-in-water mixtures. The 
operational parameters have been mentioned in Section 1.1. This involves conducting the 
experiment by varying one parameter while the others were kept constant. The first parameter 
was varied to see the effects of oil concentrations flowing into the DAF tank. The second 
parameter was tested to compare the oil droplet removal efficiency between applying DAF (3 
barg and 4 barg) and without DAF (No DAF/0 barg). Experiments also were conducted at two 
different temperatures, room temperature, and 35 °C. The continuous phase feed was varied 
between fresh and saline water. Two kinds of oil used were vegetable oil and mineral oil. Then 
the flow rates of the mixture were varied as they affect the hydraulic loading rate and the oil 
residence time. Finally, the effect of coagulant was tested on the mixture. For this investigation, 
(NH4)Al(SO4)2 or Alum was used to see the effect of coagulant on the removal efficiency.  
The third objective was to measure the oil droplet removal efficiency using two independent 
analysis methods. They are (1) an oil-in-water measuring technique, which is also known as 
FastHEX and (2) the droplet counting method (Coulter Counter). An oil-in-water measuring 
technique is an accurate method and was used by Abia-Biteo Belope & Thorpe, (2007) to 
measure the oil droplet removal efficiency on the Alba production facility in Equatorial Guinea. 
The FastHEX analysis depends on the concentration of oil in the sample. The decision to use 
droplet counting method was because the Coulter Counter can measure a number of oil droplets 
in the sample based on the size range. 
The final objective was to obtain a systematic investigation that will be used to predict the 
removal efficiency of oil droplet. The removal efficiency of oil droplet can be predicted using 
a correlation that formulates from the combination of operating parameters tested in this 
experiment.  
1.3 Thesis Organisation 
This Ph.D. thesis is divided into seven chapters. The first chapter (Chapter 1) explains the 
background, as well as the aim and primary objectives of this experimental project. This 
chapter also outlines the operating parameters that will be tested in the experiments. 
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Chapter 2 presents a review of the relevant literature regarding the use of the DAF technique 
to remove oil droplets from an oil-in-water mixture. The review starts with the principle and 
application of the DAF technique in several industries. The creation of air bubbles until air 
bubble-oil droplets float on the surface of the tank is also discussed. This chapter will also 
carefully explain the operating parameters that have been outlined briefly in Chapter 1.  
Chapter 3 discusses the methodology of this research project. This starts with the choice of 
methodologies that can be used to obtain the removal efficiency of oil from the oil-in-water 
mixture and also a brief explanation of selected methodology. This chapter also discusses the 
preferred analysis methods to measure the removal efficiency. Linear correlation will be used 
to fit all of the results obtained from the analysis methods. An inverse hyperbolic tangent 
transformation was devised to enhance the removal efficiency so they will be in the region 0 
to 1.   
Chapter 4 describes the experimental apparatus and methods involved in this research 
project. The main methodology used in this research project is an experimental project. The 
preliminary experiments including oil viscosity measurement at different temperatures and 
concentrations are explained. Surface/interfacial tension measurement is another important 
preliminary analysis discussed in this chapter. The procedures involved in conducting the DAF 
experiment are also described in Chapter 4. The analysis methods, oil-in-water droplet counting 
method calibration and procedures are carefully explained. This begins with the calibration of 
the UV-Vis with different concentrations of oil and then followed by Coulter Counter, in which 
the Coulter Counter was calibrated using 10 μm Latex beads for a 100 μm aperture as suggested 
by the manufacturer (Beckman-Coulter, 2009a).  
The results and discussions of the experimental works analysed by oil-in-water measuring 
method (FastHEX) and droplet counting method (Coulter Counter) are discussed in Chapter 5. 
This is followed by a discussion of the effects of all of the parameters tested. Most of the 
parameters investigated with FastHEX method were also investigated using Coulter Counter. 
With Coulter Counter, the number of oil droplet passing through the aperture will be measured. 
The number of oil droplets is then used to obtain the droplet size distribution (volume fraction) 
of oil from the inlet and outlet samples. The difference in the volume fraction yields the 
removal efficiency percentage. This can be used to compare the removal efficiency for oil 
droplets of a particular size.  
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Chapter 6 involves the statistical analysis. This is to propose a correlation that can predict 
oil droplet removal efficiencies based on the parameters tested in these experiments. This 
begins with a dimensional analysis by performing the Buckingham Pie and scaling method on 
the one non-dimensional and nine-dimensional parameters involved in the experiments. The 
three fundamental dimensions are mass (M), length (L), and time (T). Then, multiple 
regressions were performed for the overall results obtained from both methods using the 
statistical analysis option offered in Microsoft Excel®. Several removal efficiencies predicted 
by linear correlation were less than 0% and more than 100%. Therefore, the inverse hyperbolic 
tangent transformations were performed in order to force the correlation always to predict 
efficiency within the range 0 to 100%.  
Finally, Chapter 7 consists of significant conclusions of the experimental projects. This 
includes a few recommendations that can be implemented in the future to make the technique 
more reliable.  
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2 LITERATURE REVIEW 
This chapter consists of a review of the literature, mainly with regard to dissolved air flotation 
(DAF) unit, the principle behind its processes, as well as the operating parameters involved in 
obtaining the best removal efficiency of oil droplets. The lack of published material on the subject 
of interest has made this experimental project become more significant. Most of the literature 
discusses the application of the DAF in the mining and mineral processing industries to separate 
tiny particles from the wastewater. 
The review begins with the principle of DAF. This covers three common flows that are widely 
used on the DAF system. The application of DAF in the industries is discussed in general with 
emphasis on its implementation in the oil-based industries. Next discussion of the flotation unit 
which consists of contact and separation zone will be presented. This chapter also reviews the 
step of bubble formation and how it affects the separation process.  
Finally, the theories that support the factors that experiments show to influence the removal of 
oil from the oil-in-water mixtures are also discussed. These include the factors of inlet oil 
concentration, the salt concentration in water, saturator pressure, bubble size, temperature, 
viscosity, flow rate of the mixture, and also the effect of coagulant. 
There are several separation units for oil-water mixtures which already used in the industries. 
Each separation technologies have its own advantages and possibly suits to particular conditions 
of operation such as droplet size need to be removed and density difference between continuous 
and dispersed phase. They are gravity phase separator, hydrocyclones, and membrane 
treatment/filtration and also dissolved air flotation that is the focus of the research project.  
2.1 Gravity phase separator 
Gravity phase separation is a common technique used in oil-water separation. The effluents 
come from the production are formed in three phases; gas, oil and water. Hence, three phase 
gravity separators are suit to be used to separate the gas from the liquid phase and water from the 
oil (Abia-Biteo Belope, 2010). Fig. 2.1 shows above is one type of gravity separators where the 
sludge and oil are removed from the bottom of the tank while the gas separated out from the top. 
The minimum droplet size removal which is suitable for the gravity separator is in a range of 100-
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150µm (Abia-Biteo Belope 2010). Saturated gases that are drilling along with produced water are 
reduced by using degasser before it flows into the separator.  
 
Fig. 2.1 Three-phase separator (Barnes, 2011) 
One should considering any upstream equipment installed and also the downstream process 
available before designing a three phase separator. An inappropriate design could lead to an 
expensive separation process due to an inefficient separator system. This resulting in continuous 
chemical injection and extra modification to the separator later (Abia-Biteo Belope, 2010). Most 
common designs for gravity separator are horizontal and vertical separator. The orientation of the 
separator are chosen based on the economical and efficient in a particular field.  The concentration 
of oil leaving the separator is within the target limit that is approximately 42ppm (Abia-Biteo 
Belope, 2010). However in a high flow rate and viscosity, gravity phase separator cannot remove 
effectively the oil droplets with diameter less than 100µm under normal operation conditions.  
2.2 Hydrocyclones 
Hydrocyclones were originally made for solid-liquid separation but soon they were used to 
promote liquid-liquid and gas-liquid separations. It started to be used in the oil and gas industry 
in the early 1980’s to replace conventional gravity separator. It works by applying centrifugal 
forces to the fluid coming into the hydrocyclones. In waste water treatment plant, oil-in-water 
mixtures enters the hydrocyclones and as the cylinder rotates in high speed, the oil droplets will 
be separated out from water and it goes to the upstream outlet while the clean water is removed 
in downstream outlet. In the hydrocyclones, oil droplets that are greater than 20µm are removed 
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from the produced water by relying on the pressure energy to achieve rotational motion and 
centrifugal force. Fig. 2.2 shows the basic diagram of hydrocyclones. 
 
Fig. 2.2 Hydrocyclones (Stewart and Arnold, 2008) 
The common hydrocyclones consist of four different sections. They are a cylindrical swirl 
chamber, a concentric reducing section, a fine tapered section and a cylindrical tail section 
(Stewart and Arnold, 2008). In an oil and gas industry, the produced water enters the 
hydrocyclones through the cylindrical swirl chamber and create a high velocity vortex with a 
reverse flowing central core. The produced water flows into the concentric reduction and fine 
tapered sections. It then accelerates at constant flow rate through the cylindrical tail section (Abia-
Biteo Belope, 2010). The bigger oil droplets are separated from the produced water in the fine 
tapered section while the smaller oil droplets are separated in the cylindrical tail section. The 
effluent contain treated water leaves the cylindrical tail while the oil droplet leaves hydrocyclones 
in the opposite direction.   
2.3 Membrane treatment / Filtration 
Membrane treatment or filtration is one of the basic processes for water treatment that is used 
to remove particulate materials (American Water Works Association (AWWA) 2001). However, 
the effectiveness of the membrane treatment is totally depends on the membrane pore size. 
Filtration system is commonly used to ‘polish’ suspended solid before discharged in to the next 
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type of processing (Federation 2008). Several types of membranes separation process that are 
used in the industries include microfiltration, ultrafiltration, nanofiltration and reverse osmosis 
According to Ahmadun et al., (2009), ultrafiltration which drives by pressure is the most 
effective method to use in oil-water separation especially for produced water. It is because, 
ultrafiltration does not require chemical additives, has low energy cost and require small space 
for installation. Ultrafiltration and microfiltration are used to see the removal efficiency of North 
Sea oilfield produced water and as a result, it shows better results and meets the requirement 
(Ahmadun et al., 2009). Nevertheless, the combination of filtrations still show the best result of 
oil-water separation process. Fig. 2.3 shows the proposed combined filtration. Minimum 80% of 
online operating efficiency of filtration system must be met to ensure its membrane life and 
stability. If the requirement does not meet, the system will not be viable to the process (Asano et 
al., 2007) 
 
Fig. 2.3 Proposed combined filtration (Ahmadun et al., 2009) 
Membrane is made from very thin film used to trap particles from flowing with the filtrate. 
Membrane is categorized based on the pore size. Filter media used in the filtration system is 
selected based on their effective size and uniformity coefficient which are calculated to the 
relative distribution of grain sizes (Federation 2008). Also, the effectiveness of the filtration can 
be enhanced by using chemical additives (Asano, Burton et al. 2007). 
2.4 Dissolved Air Flotation 
There are three methods for implementing the DAF technique: vacuum flotation, pressure 
flotation, and micro-flotation with a saturator (Edzwald & Haarhoff, 2012; Letterman, 1999). 
Among these three, pressure flotation is the most widely used. The review of DAF by Al-
Shamrani et al., (2002); Hanafy & Nabih,( 2007); Zouboulis & Avranas, (2000) stated that the 
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pressure flotation method is divided into three different schemes, which are; (1) full-flow pressure 
flotation, (2) split-flow pressure flotation, and (3) recycled-flow pressure flotation. The recycle 
rate is usually 15-30% of clarified effluent (Hanafy and Nabih, 2007). Among these three, recycle-
flow pressure flotation is used more than the others. Edzwald & Haarhoff, (2012) distinguished 
the schemes as in Fig. 2.4. 
 
 
(1) Full-Flow Pressure DAF 
 
        
  (2) Split-Flow Pressure DAF 
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(3) Recycle-Flow Pressure DAF 
Fig.  2.1 Three different schemes for pressure DAF system. (1) Full-Flow, (2) Split-Flow 
and (3) Recycle-Flow 
For the full-flow pressure DAF, influent that contains a mixture of oil and water continuous 
phase is introduced to pre-treatment such as coagulant and flocculant. The pre-treated influent is 
saturated with pressurised air and released into the DAF tank to form air bubbles. According to 
Al-Shamrani et al., (2002) this scheme is commonly used for the separation of particles which 
requires a high volume of air bubbles.  
Split-flow pressure DAF has part of the influent, which is already mixed with a coagulant, 
pressurised, and the separation occurs. The other part is introduced directly into the DAF tank. 
This scheme is beneficial for the particles at low concentration thus require a small volume of air 
bubbles (Al-Shamrani et al., 2002a). 
Recycle flow is the most commonly used for flotation process. All of the influents undergo 
pre-treatment (if any) before being introduced into the DAF tank. Part of effluent flows as a pre-
treated waste stream and part of it recycle and pressurised under pressure 1 to 4 barg and saturated 
with air. The recycle stream is then introduced to the DAF tank, and the bubbles are formed as a 
result of rapid pressure reduction.  
The DAF unit built at the University of Surrey (See Fig. 2.4) is similar to the recycle flow 
pressure. The influent undergoes pre-treatment before introduced into the flotation tank. 
However, the difference is that only clean water is pumped into the saturator. This is to prevent 
the saturator being damaged by the oil or corroded by salt. Air saturated water pressure is also 
considered as a ‘recycle flow’ because the water is pumped into the saturator vessel to be mixed 
with air under pressure (Hague, 2003).  
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Fig. 2.4. Full-Flow Pressure DAF at University of Surrey 
2.4.1 The Application of DAF in Industries 
Dissolved air flotation has been widely used in many industries. The industries that use the 
DAF technique are mining and mineral, agricultural, food, and wastewater treatment. It has also 
been utilized in the oil refineries for many years.   
 Mining and Mineral Industries 
Many researchers have been involved in studies of DAF in the mining and mineral industries. 
Al-Thyabat & Al-Zoubi, (2012) found that by combining flotation column and DAF to recycle 
phosphate mining effluents, the overall recovery rate could be up to 86.4%  efficiency. Englert et 
al. (2009) investigated the application of DAF to remove fine quartz particles with a diameter of 
less than 100 μm; this technique uses bubbles that are produced in a 2 m high column. They found 
that the quartz recovery flotation varied from 6 to 53% (by mass).  This was considered 
remarkable due to the larger average size of quartz, of 3 to 5 μm. Miettinen et al. (2010) reviewed 
the flotation application used to improve the recovery of fine particles, mainly with a diameter of 
less than 20 μm. The importance of the bubble size cannot be overlooked in the flotation process 
since it influences not only the collision efficiency but also the attachment efficiency. Rodrigues 
& Rubio (2007) reviewed the application of DAF in the mining and mineral processing industries. 
They noticed that earlier application of flotation in this industry was quite unsuccessful due to the 
low lifting power of the bubble towards the coarse particle. This is quite challenging as the 
bubbles produced in the mineral industry are commonly in the range of 600-2500 μm. A wider 
bubble size distribution is needed to recover more fine particles.  
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 Agricultural and Food Industries 
Creamer et al. (2010) reported on the use of DAF in swine manure treatment facilities. They 
used the DAF to reduce the biological oxygen demand (BOD) level in discharge water. In the 
food industry, Yoo & Hsieh (2010) have developed an advanced treatment for DAF effluent using 
an electrochemical method. By applying an electrochemical treatment after DAF, they observed 
that the COD removal rate achieved was 80% after 4 hours. The TSS removal rate easily reached 
100% after 2 hours, and the TDS removal rate increased up to 80% after 2 hours of electrolysis.  
 Water Treatment 
Scandinavian countries have applied DAF in wastewater treatment plants since 1965 (Kiuru, 
2001). Haarhoff & van Vuuren, (1995) discussed the operation of DAF in wastewater treatment 
plants in South Africa. The wastewater was dosed with ferric chloride and aluminium ammonium 
sulphate to encourage the treatment process. They observed that the flotation tank efficiency 
depended on the turbulence in the flotation zone. Haarhoff & Edzwald, (2013) recently explained 
the used of DAF to clarify seawater in several ways. DAF can be used for the clarification of 
seawater before it undergoes a desalination process by reverse osmosis. They suggest that some 
differences between fresh and seawater, such as the dynamic viscosity, density and surface tension 
can be ignored. What cannot be overlooked are the solubility differences of air in seawater as 
controlled by Henry’s constant and the efficiency of the air transfer in the pressure saturators. 
 Oil-Based Industries 
The application of DAF or DGF in oil-based industries is a subject of primary interest in this 
research project. Lamp oil and vegetable oil are the types of oils that need to be removed from an 
oil-in-water mixture. To the best of the author’s knowledge, a few studies have discussed the 
removal of oil from the oil-in-water mixtures (Al-Shamrani et al., 2002a; Bensadok et al., 2007; 
Galil and Wolf, 2001; Hanafy and Nabih, 2007; Ho and Tan, 1988; Karhu et al., 2014; Moosai 
and Dawe, 2003; Moursy and Abo El-Ela, 1982; Ng and Goh, 1988; Oliveira et al., 1999; 
Zouboulis and Avranas, 2000). The oil droplet removal efficiency is based on the difference of 
chemical oxygen demand (COD) or biological oxygen demand (BOD). 
Hanafy & Nabih (2007) investigated the effects of oil concentration, pH, flow rate, emulsifier, 
and chemical de-emulsifier in the treatment of synthetic oily wastewater using the DAF technique. 
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They designed a new DAF pilot plant, which can treat 1.0 m3/hr of wastewater. The removal 
efficiencies from this research were calculated based on the measured difference in COD values 
of inlet and outlet (See Eq. 2.1). From their investigation and analysed using COD, they found 
that the oil removal efficiency (1) decreased by increasing the inlet oil concentration, (2) reduced 
by increasing influent flow rate (3) enhanced in the neutral to acidic range (4) decreased due to 
the emulsifying effect of soap, and (5) improved by the addition of alum.  
𝜼𝑪𝑶𝑫 =
𝒊𝒏𝒊𝒕𝒊𝒂𝒍 𝑪𝑶𝑫 − 𝒇𝒊𝒏𝒂𝒍 𝑪𝑶𝑫
𝒊𝒏𝒊𝒕𝒊𝒂𝒍 𝑪𝑶𝑫
× 𝟏𝟎𝟎% Eq. 2.1 
Al-Shamrani et al. (2002) used solvent refined petroleum distillate manufactured from crude 
oil petroleum to produce the wastewater. This was then treated by a bench scale DAF unit, 
supplied by Capital Control, Oxfordshire, UK. This involved a chemical pre-treatment, in which 
flocculation and coalescence encouraged the oil separation. Galil & Wolf (2001) started the 
separation process with a chemical pre-treatment; flocculation and coagulation and then followed 
this with DAF. The first process, known as the chemical stage, in which facilitates the second 
stage (physical stage) through an agglomeration process. Oil droplets attached to the flocs thus 
increase the density difference in the continuous phase.  
Ng & Goh (1988) investigated the performance of DAF on the liquid-solid separation of palm 
oil mill effluent (POME). They focused on the investigation of pressure efficiency, total 
suspended solid loading rate, surface loading rate, air-solids ratio, and the requirement of the 
flocculation. They found that it was realistic to use DAF for the POME treatment because of the 
high percentage in BOD (See Eq. 2.2) and TSS (See Eq. 2.3) removal efficiency. Ho & Tan 
(1988) compared the use of DAF with chemical flocculation to treat palm oil mill effluent 
(POME). Both methods (DAF and Flocculant) were applied as the secondary treatment in the 
industry. They used COD (see Eq. 2.1), and suspended solid (See Eq. 2.4) to analyse the data 
according to Standard Method (APHA, 1985). They found that both methods were able to remove 
up to 97% of the suspended solids in the digested liquor.  
𝜼𝑩𝑶𝑫 =
𝒊𝒏𝒊𝒕𝒊𝒂𝒍 𝑩𝑶𝑫 − 𝒇𝒊𝒏𝒂𝒍 𝑩𝑶𝑫
𝒊𝒏𝒊𝒕𝒊𝒂𝒍 𝑩𝑶𝑫
× 𝟏𝟎𝟎% Eq. 2.2 
𝜼𝑻𝑺𝑺 =
𝒊𝒏𝒊𝒕𝒊𝒂𝒍 𝑻𝑺𝑺 − 𝒇𝒊𝒏𝒂𝒍 𝑻𝑺𝑺
𝒊𝒏𝒊𝒕𝒊𝒂𝒍 𝑻𝑺𝑺
× 𝟏𝟎𝟎% Eq. 2.3 
𝜼𝑺𝑺 =
𝒊𝒏𝒊𝒕𝒊𝒂𝒍 𝑺𝑺 − 𝒇𝒊𝒏𝒂𝒍 𝑺𝑺
𝒊𝒏𝒊𝒕𝒊𝒂𝒍 𝑺𝑺
× 𝟏𝟎𝟎% Eq. 2.4 
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2.5 Flotation Unit 
Flotation is a process that can be used to remove small particles or droplets from a liquid phase 
with the aid of air or gas bubbles. This can also be described as a gravitational process where the 
separation occurs by increasing the density difference between the continuous and dispersed 
phase (Painmanakul et al. 2009). The bubbles produced in the process must be robust enough to 
collide and attach to the droplets so that they rise to the surface without breaking up. There are a 
few flotation units that are used in wastewater treatment facilities. Each of them has been designed 
based on the characteristics of the particles that need to be removed.  
There are several types of flotation units that are commonly used in the industry. For instance, 
induced air flotation (IAF) and dispersed air flotation are usually applied in the treatment of oily 
wastewater. The bubbles created by these units have larger diameters (700-1500 μm) that are 
generated by the high-speed mechanical agitator/impeller or the air dispersion system (Hanafy 
and Nabih, 2007; Painmanakul et al., 2009). Another type is the vacuum flotation unit, which 
works by dispersing air into the wastewater. A vacuum is applied to the wastewater, which it 
achieves the saturation condition and generates microbubbles. Then, the bubbles attach to the 
droplets/particles and raise them up to the surface due to the buoyant force.  
A fourth type is Dissolved Air Flotation (DAF), which is the primary focus throughout this 
research project. A DAF flotation tank is divided into two zones (Refer to Fig. 2.5), the contact 
and separation zones. In most cases, the separation zone is always larger than the contact zone. A 
layer of oil will form on the surface in a separation zone, which will be skimmed off. Clarified 
water will settle at the bottom layer and flow out as an effluent. The injection nozzles are attached 
to the bottom of the tank in the contact zone. Pressurized water between 3-4 barg is injected 
through the nozzle. Air bubbles of various sizes are formed in the contact zone to collide and 
attach with the oil droplets. 
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Fig. 2.5 DAF flotation tank 
2.5.1 Dissolved Air Flotation Tank 
The DAF flotation tank used for this experimental work the unit employed by Abia-Biteo 
Belope (2010) and built by Hague J. (2002). The tank is constructed from Perspex material with 
dimensions 1.0 m × 0.32 m × 0.39 m (length, width and height respectively). A side view of the 
scale model DAF tank with dimensions used in this experiment is shown in Fig. 2.6. 
 
Fig. 2.6 Dimensioned of scale model DAF tank located at University of Surrey 
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 Hydraulic Loading Rate 
In designing the DAF tank, one should consider the hydraulic loading rate because it 
corresponds to the optimum inlet flow rate that can be used (Edzwald, 2010). An ineffective 
separation can occur when the inlet flow rate is higher than the hydraulic loading rate. The 
hydraulic loading rate is defined as a ratio of flow over the surface area. This can be determined 
using Eq. 2.5. 
𝑳𝑯 =
𝑸
𝑨
 Eq. 2.5 
Here, Q represents the flow rate of the mixture into the DAF tank, and A is the gross plan area 
including the contact and separation zones. The highest flow rate of the mixture to avoid overflow 
was found to be 20 L/min or 0.33x10-3 m3/s, and the area of the separation zone is 0.163 m2.  
The hydraulic loading rate of this lab scale DAF tank is 7.3 m/hr. It is in the range of the 
hydraulic loading of a drinking water plant from the 1960s to the late 1980s, which was 5-10 
m/hr.  The current hydraulic loading rates of the industrial DAF tank are approximately 10 to 15 
m/hr (Edzwald and Haarhoff, 2012). The coagulant/flocculant and chemical pre-treatment was 
used to encourage the wastewater treatment. 
2.5.2 Contact zone 
The contact zone is where the collision of the oil droplets and air bubbles occurs. The buoyant 
force assists the agglomerates to float onto the surface in the separation zone. The tiny particle/oil 
layer will then be skimmed off, and the clarified mixture will flow directly into the effluent tank 
(In the case of the University of Surrey lab scale DAF). Three injections nozzles located at the 
bottom of the contact zone are where the pressurized water under pressure introduced into the 
tank. Air bubbles are produced as a result of rapid depressurisation of the water from the 
saturators.  
There are two sampling points located in the inlet and outlet of the tank. Baffles that also 
known as diverters, which are installed near the inlet of DAF tank are used to provide enough 
turbulence for the perfect mixing, and hence adequate collision (Lundh et al. 2002). However, the 
mixing should not be too vigorous so as to avoid the bubbles breaking up. The baffles that are 
installed near to the outlet are used to prevent the oil layer from flow to the effluent.  
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2.5.3 Separation Zone 
The separation of oil droplets from oil-in-water mixtures happens predominantly in the 
separation zone where the concentration of agglomerates forms on the surface of the tank 
(Edzwald, 2010). This is also where the oil droplets separate from the air bubbles. Successful 
flotation only occurs if the agglomerates can withstand the resistance as they rise upwards. The 
air bubbles in the top of the separation zone are larger than those in the contact zone because of 
the hydrostatic pressure in the tank or coalescence or both; however the growth is minimal 
(Edzwald and Haarhoff, 2012).  
Edzwald & Haarhoff (2012) explained the pattern of flow in the separation zone. For any 
hydraulic loading rate below 10 m/h, the oil-in-water mixture coming from the contact zone is in 
the cross-flow state. The white water will continue to flow in the narrow position due to the 
density difference between it and the water that is already in the tank. As most of the agglomerates 
float up to the surface, the clarified water is deflected vertically downwards and flows directly to 
the effluent. The flow pattern inside the separation zone is confirmed by LDV measurements 
(Edzwald and Haarhoff, 2012), and CFD modelling (Hague, 2003). 
2.6 Production of Air Bubbles in Dissolved Air Flotation 
According to Henry’s law, as outlined in Eq. 2.6, the partial pressure of air controls the 
dissolution of air in water. 𝐻 is the Henry constant, which is affected by temperature and ionic 
strength. 𝐶𝑒𝑞 is the concentration of the solute in equilibrium.  
𝒑 = 𝑯. 𝑪𝒆𝒒 Eq. 2.6 
Henry’s law states that the solubility of air in aqueous solution increases when the partial 
pressure of air increases at a constant temperature. Some relevant data for air is found in Table 
2.1. 
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Table 2.1 Air solubility in pure water  
 
Air 
Gas Oxygen Nitrogen 
Henry's Law Constant at 25 °C (mol/L) 756.7 1600 
Molar Weights (g/mol) 32 28 
Partial fraction in Air 0.21 0.79 
Gas Solubility in the water (g/l) at 1 atm 0.0089 0.0138 
Air solubility in the water (g/l) at 1 atm 0.023 
The production of air bubbles in this experimental project starts with the water being 
pressurised by adding air under a saturator pressure between 1 and 4 barg in the pressure column. 
As a result, the air super-saturates and dissolves in the water. When the supersaturated water is 
released into a DAF tank, which is effectively at atmospheric pressure, the rapid pressure 
reduction causes air bubbles of various sizes to form. They are released out of three different 
nozzles located at the bottom of the tank in the contact zone. There are three typical steps in the 
bubble formation. The bubbles that form at the beginning are of a small size, normally less than 
1μm, and this process is known as bubble nucleation (Edzwald, 2010). Then, they form bubbles 
of a larger size either by growing due to mass transfer, lower hydrostatic pressure as they rise to 
the surface or by the coalescence where a single bubble becomes the centre of attachment.  
2.6.1 Bubble Nucleation 
Nucleation starts to occur when a nucleation site is formed in the middle of the liquid eddies 
due to the turbulent depressurisation within the nozzle (Edzwald and Haarhoff, 2012). Schimidt 
& Morfopoulos (1983) confirmed that the number of bubble nuclei increases with the increasing 
velocity of the flow. However, it decreases with increasing viscosity, nozzle diameter and surface 
tension. Therefore, as the pressure increases, the velocity of the water coming out of the nozzle 
increases too, causing more nuclei sites to form. This means that additional smaller bubbles form. 
The bubble size is limited as the pressure increases. The investigation by Han et al., (2002) 
showed that the bubble size decreases with increasing pressure from 2 to 3.5 barg. However, the 
bubble size stays the same from 3.5 barg upwards. This research project used only 3 and 4 barg 
to generate air bubbles.  
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2.6.2 Bubble Growth 
Hydrostatic pressure reduction and bubble coalescence are the two factors influence the size 
of the air bubbles. The bubble size rapidly increases as they are released out of the nozzle. This 
is because of the decrease in hydrostatic pressure as the bubbles rise up to the surface. However, 
Edzwald & Haarhoff, (2012) found that the pressure reduction only has a small effect on the 
bubble size. For instance, the investigation showed that 17% less pressure at the surface compared 
to the 2 m nozzle depth only gave a 6% increase in bubble diameter.  
2.6.3 Bubble Coalescence and Break-Up 
Bubble coalescence occurs when there are collisions between two or more bubbles, through a 
dimple. A dimple is shown in Fig. 2.7; it is really a thin liquid film formed between two bubbles 
surfaces and it allows the coalescence to happen (Sanada et al. 2005). The coalescence of air 
bubbles happen when the liquid film drain down a critical thickness close to 0.1 µm (Kracht and 
Finch, 2009). This causes a very strong molecular forces come into effect resulting rupture of the 
film and attachment of the bubbles (Moosai and Dawe, 2003; Oliveira et al., 1999; Wang et al., 
2014). Chester & Hoffman (1982) in their investigation found that a dimple was formed on the 
flat surface of the bubble in the inviscid liquid. 
 
Fig. 2.7 Dimple of the thin film caused by the interfacial tension gradient. (adapted from 
Moosai & Dawe, 2003) 
The coalescence of the bubbles depends on several factors such as flow condition, the nature 
of the gas-liquid interface and surfactants. In addition, the temperature and viscosity of the fluid 
also become factors for successful coalescence (Ribeiro & Mewes, 2006; Sanada et al., 2005). 
Nguyen et al. (2012) investigated the effects of salt on bubble coalescence. They stated that salts 
played a significant role in bubble coalescence because they influence the drainage and stability 
of the liquid film between bubbles. From the investigation, they found that the bubbles 
coalescence decreased with increasing salt concentrations. This was tested for three different 
types of salt (NaCl, CaCl, and NaI). There are three necessary steps for bubble to coalesce, which 
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are, (1) the bubbles approach each other, (2) the drainage of the liquid film occurs due to the 
forces exerted, and (3) the film ruptures because of the attractive surface forces and mechanical 
disturbance (Kracht & Finch, 2009; Nguyen et al. 2012). 
The effect of viscosity and the mechanisms of bubble coalescence have been investigated by 
Sanada et al. (2005), who ran experiments using nitrogen gas to generate bubbles. They define 
the coalescence time as the time taken for two bubbles to collide and the interface of the thin film 
to rupture. The coalescence time was measured in order to see how a range of viscosities modified 
bubble coalescence. Here, the Webber number (𝑊𝑒) is the main factor for determining the 
coalescence time in a low viscosity liquid. Finally, it was concluded that the coalescence time is 
directly proportional to the viscosity with the same 𝑊𝑒. 
The process of bubble break-up can easily be seen from many small daughter bubbles dispersed 
from a bubble. Bubble break-up, unlike coalescence, is depending on to a great extent on local 
hydrodynamic considerations, and also the effects of wake shear and bubble instabilities (Tse et 
al., 2003).  According to Wang et al., (2014), a larger bubble size has a higher breakage rate.  The 
reason for bubble break-up is the formation of an unstable extension that causes instabilities due 
to an annular wave pinch off to the bubble expansion. The interaction between bubbles and the 
fluid stresses (such as turbulence) is one of the bubble break-up reasons.  
2.6.4 Saturator Pressure and Bubble Size 
Several researchers have used different ranges of pressure for the saturator pressure in DAF 
investigation, which are 4-5 barg (Zouboulis and Avranas, 2000), 4-6 barg (Al-shamrani et al. 
2002) and 3-7 barg (Edzwald and Haarhoff, 2012). This was probably due to the type or size of 
particles they aimed to remove Microbubbles, in general, have a diameter within the range of 10 
– 120 μm and most of them attach to the particles or oil droplets in the contact zone (Dupre et al. 
1998; Eftekhardadkhah et al. 2015; Zouboulis & Avranas, 2000). 
Smaller bubbles are more desirable since larger bubbles create hydraulic turbulence as they 
rise upwards. Large bubbles also have a smaller net surface area (Al-Shamrani et al. 2002). 
Practically, in the DAF, the bubbles in the separation zone are larger than those in the contact 
zone because the bubbles expand as they rise. This is because of the decrease in hydrostatic 
pressure towards the bubbles. Another reason is related to the coalescence. The rate of the 
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coalescence process increases as the bubbles flow to the separation zone. Microbubbles attach to 
each other and thus form bubbles that removal efficiency larger in size.  
2.7 Terminal Rise Velocity of Air bubbles 
The rise velocity of air bubbles corresponds to the two opposing forces acting on them. First, 
an upward buoyant force caused by the density difference of bubble and air. Second, the bubble 
encounters a drag force that resisting the upward movement. For a constant rise rate, these forces 
are in balance (Edzwald and Haarhoff, 2012). This is given Eq. 2.7. 
𝑭𝒃 = 𝑭𝒅 Eq. 2.7 
(𝝆𝒘 − 𝝆𝒃)𝒈𝑽𝒃 =
𝑪𝑫𝑨𝒃𝝆𝒘𝒖𝒃
𝟐
𝟐
 
Here, 𝐹𝑏 and 𝐹𝑑 are buoyant and drag forces, respectively. 𝜌𝑤, 𝜌𝑏, 𝑔, 𝑉𝑏 are water density, air 
bubble density, gravity acceleration and volume of the air bubble, respectively. 𝐶𝐷 , 𝐴𝑏 , 𝑢𝑏 are the 
drag coefficient of the rising bubble, projected area of bubble and uniform rise velocity of the air 
bubble, respectively. Assuming air bubbles are spheres, 𝑉𝑏 is defined as 𝜋𝑑𝑏
3/6 and 𝐴𝑏 as 𝜋𝑑𝑏
2/4. 
The Reynolds number for the air bubble 𝑹𝒆 is defined as in Eq. 2.8. 
𝑹𝒆 =  
𝝆𝒖𝒅
𝝁𝒘
 Eq. 2.8 
Here, 𝜇𝑤 is the dynamic viscosity of water and 𝑑𝑏 is the diameter of air the bubble. For laminar 
flow (𝑅𝑒 ≤ 1), the drag coefficient is calculated as a function of Re, which is given in Eq. 2.9. 
𝑪𝑫 =
𝑲
𝑹𝒆𝒃
 Eq. 2.9 
Substituting Eq. 2.8 and Eq. 2.9 into Eq. 2.7 produces Stoke’s law. Assuming air bubbles 
behave like a solid sphere (Edzwald, 2010), so K = 24.  It is given in Eq. 2.10. 
𝒖𝒃 =
𝒈(𝝆𝒘 − 𝝆𝒃)𝒅𝒃
𝟐
𝟏𝟖𝝁𝒘
 Eq. 2.10 
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2.8 The Contact of the Air Bubbles to the Oil Droplets 
A successful DAF process involves the air bubbles colliding with the oil droplets, usually with 
the aid of coagulant or flocculant to facilitate the attachment. The air bubbles released from the 
nozzle at the bottom of contact zone rise approximately 10-100 times faster than the oil droplets 
(Moosai and Dawe, 2003). As a result, the momentum of the air bubbles helps them with 
overtaking and collide with the oil droplets (Moosai & Dawe 2003). This phenomenon occurs 
because of the larger density difference between the air bubbles and water (0.9 g/cm3) and the oil 
droplet-in-water (0.1 g/cm3).   
2.8.1 The Attachment of the Air Bubble to the Oil Droplet 
The mechanism that leads to the successful attachment of the air bubbles to the oil droplets 
with the efficient flotation of the agglomerate comprises six important steps (Al-Shamrani et al., 
2002a; Moosai and Dawe, 2003; Oliveira et al., 1999) (See Fig. 2.8). 
 
Fig. 2.8 The oil droplet and air bubble attachment process that involves six important 
steps (adopted from Moosai & Dawe, 2003) 
The steps are as follows: (1) the formation of a thick film lamella of water as the air bubble 
and oil droplet approach each other, (2) the drainage or film thinning, (3) the rupture of the thin 
film, which leads to the contact and attachment, (4) the spreading of the oil around the air bubble, 
(5) the disengagement of air and oil, and (6) the merging of oil droplets with a thin layer of oil on 
the surface of the water (Moosai and Dawe, 2003). 
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2.9 Liquid-Liquid and Liquid-Gas Interfaces 
The surface tension of the liquid is often defined as the force acting at a right angle to a unit 
length on the liquid surface. However, it is more satisfactory to describe the surface tension as the 
work required to increase the area of a surface (Shaw, 1992). Tsujii, (1998) defined the surface 
tensions as the excess energy existing in the surface molecules or atoms. Excess energy means 
the molecules present at a surface cannot fully form such bonding (hydrogen bonds) or 
interactions (van der Waals interactions) as those in the bulk because they have no interacting 
molecules in the vapour side. 
2.9.1 Spreading of oil droplet over air bubble 
The contact of the air bubble with the oil droplet does not guarantee the successful rise of the 
agglomerate to the surface. First, the oil droplet needs to spread over the air bubble to form 
agglomerate that is able to tolerate the upward forces without breaking up as it moves. The 
spreading interaction between the air bubble and oil droplet is governed by the spreading 
coefficient 𝑆0. This represents the difference in the surface or interfacial forces acting on a single 
contact line between the three surfaces. For an air/oil/water system, the oil-spreading coefficient 
is defined in Eq. 2.11. Oil continues to spread around the air bubble as long as the spreading 
coefficient 𝑆0 is maintained larger than zero and the oil molecules are available (Hotrum et al., 
2004). 
𝑺𝒐 = 𝜸𝒘𝒂 −  𝜸𝒐𝒘 − 𝜸𝒐𝒂 Eq. 2.11 
Where 𝛾𝑤𝑎, 𝛾𝑜𝑤, and 𝛾𝑜𝑎 are the surface tension of water-air, the interfacial tension of oil-
water and the surface tension of oil-air, respectively. An oil spreading coefficient can be either 
positive or negative. In order for the oil to spread over the air bubbles as shown in Fig. 2.9, the 
oil-spreading coefficient, as defined in Eq. 2.11 must be positive (Bassam, 1989; Moosai and 
Dawe, 2003; Oliveira et al., 1999). The positive spreading coefficient can only be happened if the 
water-air surface tension has a larger value than the sum of interfacial tension of oil-water and the 
surface tension of oil-air.  
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Fig. 2.9. A real photograph of positive spreading coefficient for oil/gas/water configuration 
taken under microscope (adopted from Moosai & Dawe, 2003) 
They are many methods that have been developed to measure the surface and interfacial 
tensions of liquids such as drop weight method, Wilhelmy plate method, capillary rise method, 
oscillating jet method, spinning drop method, pendant drop method and du Nouy ring method. 
The measurements of surface/interfacial tension reported in this thesis were done using Du Nouy 
Ring method. For this method, the force required to detach a ring from the surface of gas-liquid 
or interface of liquid-liquid is measured either by suspending the ring from the arm of balance or 
by using a torsion wire arrangement.  
2.9.2 Non-spreading of the oil droplets over the air bubble 
If the result of Eq. 2.11 is negative; the oil droplet will form a contact angle to the water/air 
interface, and spreading will not occur. This will then lead to a weak adherence of the oil droplet 
to the air bubble, which is very likely to break up as it goes upwards. The spreading coefficient 
rises with increasing velocity of spreading and that is inversely proportional to the viscosity of 
the oil (Grattoni et al., 2003). Amin & Smith, (1997) reported that if the 𝑆𝑜 is negative, the water 
may flow and bypass the oil and obtained. They obtained experimental evidence to back up this 
claim.   
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2.10 Air Bubble / Oil Droplet Flotation 
The attachment and the spreading of the oil droplet over the air bubble increase the diameter 
of the agglomerate. Rodrigues & Rubio (2007) stated that the rising rate of the bubble-droplet 
attachment is dependent on the liquid phase temperature as it is related to the viscosity. This will 
be discussed in Section 2.12.5. The rise velocity or the settling rate of oil droplet 𝑢𝑜 is defined as 
in Eq. 2.12. 
𝒖𝒐 =
𝒈(𝝆𝒄 − 𝝆𝒐)𝒅𝒐
𝟐
𝟏𝟖𝝁𝒄
 Eq. 2.12 
Here, g, 𝜌𝑐 , 𝜌𝑜, 𝑑𝑜, and µ𝑐 are the gravity acceleration, water continuous phase density, oil 
density, diameter of oil droplet and dynamic viscosity of continuous phase. Fig. 2.10 shows the 
differences between the rise velocities of the lamp and vegetable oils. The rise velocity of the oils 
increases with increasing droplet size. The rise velocity of the lamp oil is higher than that of the 
vegetable oil because lamp oil has a lower dynamic viscosity. 
 
Fig. 2.10 The average rise velocity of vegetable and lamp oil droplets at 20 °C 
However, Stoke’s law is subject to some limitations. Eq. 2.10 and Eq. 2.12 are specifically 
valid for laminar flow (𝑅𝑒 ≤ 2). The upward motion of the agglomerate for the air/water/oil 
system obeys Stokes’ law if the droplet’s diameter is within the range of 10 μm < 𝑑0 < 200 μm; 
as will often be the case (Moosai & Dawe 2003). The alternate flow condition is known as 
0.0
0.2
0.4
0.6
0.8
1.0
1.2
10 20 30 40 50 60 70 80 90 100
u
o
x
1
0
-3
(m
/s
)
do x10
-6 (m)
Vegetable oil Lamp oil
Aliff Radzuan Mohamad Radzi  Chapter 2 
 27 
turbulent flow. The Reynolds number of oil droplet, 𝑅𝑒 expressed in Eq. 2.8 will be used to 
distinguish these two flow conditions. 𝑢 is the terminal rise velocity of oil calculated in Eq. 2.12. 
Another limitation is that Stokes’ law can only be applied to droplets with a diameter greater 
than 10 μm because it tends to delay the vertical rise velocity for smaller droplets. Therefore, 
Brownian motion becomes necessary for any droplets with a diameter of less than 10 μm. The 
average distance, 𝐿 which droplets move over a given time, 𝑡 in laminar flow of the continuous 
phase is given by the mathematical expression outlined in Eq. 2.13. 
𝐋 = √
𝟐𝐤𝑩𝐓
𝟑𝛑𝛍𝐰𝐝𝐨
 𝐭 Eq. 2.13 
kB, T, and t are Boltzmann’s constant 1.381 x 10-23 J/K, temperature (Kelvin) and time 
(second), respectively. 
2.11 Droplets Breakup in Turbulent flow 
Hinze, (1955) had explained the principle of droplet break-up in a viscous shear flow, in an air 
flow and in a turbulent flow. He concluded that the droplet break-up was caused by the interaction 
of two forces acting on them, which are, external disturbing force and internal restoring force. An 
external disturbing force is induced by the flow field of the continuous phase to deform the droplet 
while the internal restoring force tries to keep the droplet in its original shape (Van Ver Zande 
and Van Ven Broek, 1998a). 
For this matter, the restoring force is defined as interfacial tension that is proportional to 𝛾/𝑑, 
where 𝛾 is the interfacial tension and 𝑑𝑑𝑟  is the droplet diameter. The disturbing force 𝜏 was 
either an inertial force given by 𝜌𝑐(∆𝑢)
2 or viscous force by 𝜇𝑐∆𝑢/, exerted by the surrounding 
continuous phase on the dispersed droplets. Here, 𝜌𝑐  and 𝜇𝑐  are the density and viscosity of 
continuous phase, respectively and ∆𝑢 is the continuous phase velocity difference across the 
diameter of the droplet 𝑑. The ratio of external disturbing force and internal restoring force is 
often used to describe the break up process. 
The ratio is called Weber number if the disturbing force is an inertial and capillary number if 
the disturbing force is viscous. The droplet will break up if the ratio has exceeded a certain value 
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(critical number). Reynolds number of droplets can be used to determine which type of force is 
acting on the oil droplet (refer Eq. 2.8). 
 In a turbulent pipe flow, for the droplets larger than the finest turbulent scale, 𝑅𝑒𝑑𝑟 will be 
larger than 1, which indicates that the inertial is dominant force deforming the droplet (Hinze, 
1955). Generally the droplet will be larger than 1 therefore Weber number of droplets 𝑊𝑒𝑑𝑟 is 
used to describe the droplet break up in turbulent pipe flow (refer Eq. 2.14). 
𝑾𝒆𝒅𝒓 =
𝝉 𝒅𝒅𝒓
𝝈
=
𝝆𝒄(∆𝒖)̅̅ ̅̅ ̅̅
𝟐𝒅𝒅𝒓
𝝁𝒄
 Eq. 2.14 
Here, (∆𝒖)̅̅ ̅̅ ̅̅ 𝟐  is the mean square velocity difference over a distance. Assuming it is in 
homogeneous isotropic turbulence, the mean square velocity difference over a distance is given 
in Eq. 2.15. 
(∆𝒖)̅̅ ̅̅ ̅̅ 𝟐 = 𝟐. 𝟎 × (?̅? 𝒅)
𝟐
𝟑⁄  Eq. 2.15 
Here, 𝜀 ̅is the mean energy dissipation per unit mass in turbulent flow. The maximum stable 
droplet diameter in a turbulent flow 𝑑𝑚𝑎𝑥 is derived by substituting Eq. 2.15 into Eq. 2.14 (refer 
Eq. 2.16). 
𝒅𝒎𝒂𝒙 = 𝑪𝒑  (
𝝈
𝝆𝒄
)
𝟑
𝟓⁄
 ?̅?
−𝟐
𝟓⁄  Eq. 2.16 
Here, 𝐶𝑝 is a proportionality constant which from the experimental data obtained by Hinze, 
(1955), it was found to be 0.725. 
Sleicher, (1962) carried out experiments to investigate the droplet break up in a turbulent flow 
pipe. He found that the break up predominantly took place close to the pipe wall. He suggested 
that the assumption of homogeneous isotropic turbulence previously derived by Hinze, (1955) 
was only valid at the core of the pipeline and not in the pipe wall where droplet breaks up occurs. 
Therefore, Eq. 2.16 cannot be used to calculate the maximum stable diameter in turbulent flow. 
Instead, Sleicher, (1962) derived a semi-empirical relation in which he considered the effect of 
dispersed phase viscosity, 𝜇𝑑, (refer Eq. 2.17). 
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𝒅𝒎𝒂𝒙 =
𝟑𝟖[𝟏+𝟎.𝟕(
𝝁𝒅 𝒖𝒎
𝝈
)
𝟎.𝟕
]
𝝆𝒄𝒖𝒎
𝟐
𝝈
√
𝝁𝒄𝒖𝒎
𝝈
  Eq. 2.17 
Here, 𝑢𝑚 is the mean velocity in the pipe. However, Eq. 2.17 is only valid for dispersed phase 
viscosities in the region between 0.3 mPa.s< 𝜇𝑑<30 mPa.s. Abia-Biteo Belope, (2010) found that 
this equation does not have any relation with the pipeline diameter.  
Karabelas, (1978) in his investigation agreed with Sleicher, (1962) that break up predominantly 
took place close to the wall. He modified Eq. 2.16 and used local energy dissipation rate in the 
logarithmic layer 𝜀1 instead of the mean energy dissipation rate ?̅?. In his investigation, he used 
water as a dispersed and oil as a continuous phase, so he could neglect  𝜇𝑑 . Based on his 
experiments, he derived Eq. 2.18. 𝑑95 is the droplet diameter below which 95% of dispersed 
phase volume is present.  
𝒅𝟗𝟓
𝑫
= 𝟒. 𝟎 𝑾𝒆−𝟎.𝟔 Eq. 2.18 
𝑊𝑒 is the Weber number which is given in Eq. 2.19. 
𝑾𝒆 =
𝝆𝒄 𝒖𝒎
𝟐  𝑫
𝝈
 Eq. 2.19 
Substituting Eq. 2.19 into Eq. 2.18, 𝑑95can be expressed as in Eq. 2.20. 
𝒅𝟗𝟓 = 𝟒 𝑫 (
𝝆𝒄𝒖𝒎
𝟐 𝑫
𝝈
)
−𝟎.𝟔
 Eq. 2.20 
2.12 Factors Affecting the Removal of Oil Droplets from Oil-In-Water 
Mixtures in DAF 
They are several factors that are believed to influence the removal of oil from an oil-in-water 
mixture in DAF. The factors may either enhance or worsen the separation process.   
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2.12.1 Effect of Inlet Oil Concentration 
There is not much literature that discusses the impact of the inlet oil concentration on the oil 
droplet removal efficiency. However, Hanafy & Nabih (2007) found that the oil separation 
increased as the oil concentration decreased (refer to Fig. 2.11). This happened to cotton oil, corn 
oil, and car oil, where the inlet oil concentrations were varied from 100 mg/l to 1000 mg/l. This 
was changed by adjusting the oil flow rate.  
The analysis was done by measuring the treated water chemical oxygen demand (COD) and 
its oil and grease content. COD values were obtained by the closed reflux calorimetric value using 
the apparatus HACH DR2000. The amount of oil and grease was measured based on the 
extraction of the remaining emulsified oil in the treated wastewater with 1-1-1, tri chloro ethane 
as a solvent.  
 
Fig. 2.11 The effect of inlet oil concentration of six different types of oil (Adopted from 
Hanafy and Nabih, (2007)) 
In these experiments, cotton oil had the best oil droplet removal efficiency possibly because it 
has the lowest specific gravity compared to that of water among all of them. Another reason is 
because the residence time of feed decreases with increasing feed rate, reducing the quality of 
collision and the attachment of the oil droplets and air bubbles, hence affecting the oil droplet 
removal efficiency (Xiao-bing et al. 2007). The effect of inlet oil concentration is clearly an 
important factor in DAF and will be investigated by adjusting the flow rate of the oil to be mixed 
with the continuous phase.  
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2.12.2 Effect of Salt 
As stated in the reviews by Al-Shamrani et al., (2002); Edzwald, (2010); Liu et al., (2010); and 
Ponasse et al. (1998), the main objective of any chemical intervention in the DAF process is to 
modify the charges on the oil droplets as well as between the air bubble and oil droplet interfaces 
by introducing the opposite charge. In addition, when the surface charges are modified, the 
spreading coefficient is also affected as it is related to the surface tension (Moosai and Dawe, 
2003). Modifying the surface charge also affects bubble size and spreading coefficient. Oliveira, 
et al. (1999) examined the impact of salt on the gas flotation experiment. They found that the 
salinity increased the flotation efficiency by reducing the induction time. This was due to the 
lowering zeta potential of droplets by compression of the double layer. As a results, it decreases 
the electrostatic repulsion between drops and bubbles.  
2.12.3 Effect of Saturator Pressure  
The optimum saturator pressure being supplied to the DAF system is mandatory for better oil 
droplet removal efficiency. Lower pressure produces bigger bubbles and vice versa. Larger 
bubbles have a lower flotation time in the DAF tank because of their higher increasing velocity. 
Smaller bubbles, which rise slowly to the surface and have the opposite characteristics of the 
bigger bubble (Xiao-bing et al. 2007). As a result, at a low pressure, the attachment of the oil 
droplets to the bubbles might not happen because flotation time is very low for efficient collisions. 
Therefore, it can be said that the saturator pressure used in the DAF strongly affect the oil droplet 
removal efficiency because of the bubble size produced (M. Han et al. 2002).  
Xiao-bing et al. (2007) investigated the effect of saturator pressure on the oil droplet removal 
efficiency. The size of the oil droplets was analysed by laser particle size analyser, in which the 
mean diameter of the oil droplet was 18.2 μm and 77.8% were 25 μm and smaller. They found 
that the quantity of dissolved air increased with increased pressure in the pressurizing vessel. 
From the experiments, the residual oil concentration decreased with increased pressure up to 3 
barg. This happened possibly because a lower pressure formed the appropriate size of oil droplets 
and larger quantities until it reached equilibrium bubble size at 3 barg. The higher pressure 
produced a turbulent flow that upsets the fluid and destroys the agglomerate in the column. 
Saturator pressure at 5 barg caused a ‘slug flow’ in the flotation column.  
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It is known that the size of the air bubble decreases as the pressure increases. However, Han et 
al., (2002) found that the critical pressure for air bubbles was 3.5 barg. By ‘critical’, they mean 
there is no decrease in air bubble size above this pressure. Therefore, for more efficient and 
economical operation, it is better to increase the bubble volume concentration rather than 
increasing the saturator pressure.  
2.12.4 Effect of Bubble Size 
Various authors have carried out studies related to the diverse parameters that influence the 
size distributions of the bubbles formed in a DAF process; the studies of Dupre et al. (1998); Feris 
& Rubio, (1999); Henderson et al. (2008); Han et al. ( 2002) and Ponasse et al. (1998) are the 
most notable. Bubble size influences the separation process by affecting the flotation rate. This 
depends on the pressure coming from the nozzle. The bubbles also have to be robust enough to 
withstand rupture as they rise upwards.  
Han, (2002) explained that collision efficiency is better if the bubble is similar in size to the 
particle it wants to attach or when the ratio of particle to bubble size is 2:1. He also found the 
effect of the bubble size on the collision efficiency, based on the stable and destabilised conditions 
with the involvement of the coagulant. However, there was no type of coagulant named in this 
paper.  Stable condition obtained a lower collision efficiency (zeta potential of -30 mV) compared 
to the condition of destabilised condition, which was higher (zeta potential of 0 mV) (Nguyen et 
al., 2006). Destabilised conditions produced a better collision in the order 1 to 2 magnitudes 
higher than stable conditions.  
2.12.5 Effect of Temperature and Viscosity 
Varying the temperature of the continuous phase is one of the operation parameters that will 
be tested in this experimental project. Increasing the temperature of the oil-in-water mixture 
decreases the viscosity and the surface tensions. This also affects the terminal rise velocity of the 
particles/oil (Refer Eq. 2.12).                                                              
There are only a few studies that describe the viscosity-temperature relationship in the oil-in-
water emulsion, as agreed by Igwe, (2004). However, most of these studies examined and 
measured the effect on the pure oil itself. Ukwuoma & Ademodi (1999) reviewed the effects of 
temperature and shear rate on the apparent viscosity of Nigerian oil and bitumen. The temperature 
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and shear rate were measured using a Rotational Viscometer (Haake Instrument) because of the 
high temperatures of up to 110°C. In addition, the shear rate of a fluid depends on its viscosity; it 
decreases with decreasing viscosity. Ribeiro & Mewes, (2006) investigated the effect of 
temperature on bubble coalescence. They reported that bubble coalescence increased as 
temperature increased. Higher temperatures increase the critical velocity of the bubbles, which 
causes collisions to occur frequently leading to coalescence.  
The effect of the temperature on an oil separation and flotation has been investigated by Wong 
et al. (2005). Crude and refined palm oils were used as samples to determine the rate of separation. 
The tests were carried out at three different temperatures, 75, 85 and 95 °C. The rates of separation 
and flotation were obtained by the changes of the interfacial height based on the time recorded. 
As a result, the rate of separation increases with increasing temperature. After one hour, 
approximately 45, 35 and 25 ml of oil were collected at 95, 85 and 75 °C respectively. Igwe, 
(2004) investigated the effect of temperature on the viscosity of the vegetable oil. Rubber seed, 
melon seed, and soybean were used in the experiment. He found that the intrinsic viscosity 
decreases with increasing temperature. The viscosity is changed because of its incapability to 
maintain a thermally stable molecular structure when a higher temperature is applied. The effect 
of temperature on the oil droplets removal efficiency in this experimental project will be 
investigated at 35 °C and at room temperature.  
Table 2.2 shows that the viscosity of the continuous phase (i.e. water) is dependent on 
temperature. The dynamic viscosity decreases with increasing temperature. 
Table 2.2 The effect of the continuous phase temperature on dynamic viscosity (Adapted 
from Vennard & Street, 1975) 
Temperature 
°C 
Dynamic Viscosity 
μ ×10-3 
(kg/ms) 
Kinematic Viscosity  
ν×10-6  
(m2/s) 
5 1.78 1.79 
10 1.51 1.52 
15 1.30 1.31 
20 1.13 1.14 
25 1.00 1.00 
30 0.890 0.893 
40 0.798 0.800 
50 0.653 0.658 
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The solubility of air in the water also affected by the change of temperature. According to the 
data presented in Table 2.3, air solubility in water reduces with increasing temperature. This 
shows that better separation can be achieved on a higher temperature.  
Table 2.3 Air saturation in water based on the different temperatures 
 Nitrogen Oxygen Nitrogen Oxygen Nitrogen Oxygen 
Temperature °C 10 20 40 
Partial fraction in Air 0.79 0.21 0.79 0.21 0.79 0.21 
Ceq 1.18E-05 6.42E-06 9.83E-06 5.24E-06 7.60E-06 3.93E-07 
1 L of water (g/mol) 55.6 55.6 55.6 
Gas Concentration (mol/L) 6.58E-04 3.57E-04 5.46E-04 2.91E-04 4.22E-04 2.18E-05 
Molar Weights (g/mol) 28 32 28 32 28 32 
Saturation concentration 
(g/L) 
1.84E-02 1.14E-02 1.53E-02 9.32E-03 1.18E-02 6.98E-04 
Air solubility in water 
(g/mol) 
0.030 0.0246 0.0125 
2.12.6 Effect of Flow Rate 
Hanafy & Nabih (2007) investigated the effect of the flow rate on the oil droplets removal 
efficiency of a DAF system. They varied the flow rate from 16 L/min to 4 L/min for three different 
types of oil. According to Table 2.4, the removal efficiency of each of the oils decreases with 
increasing flow rate. A higher inlet flow rate into the DAF tank can cause the oil droplets to flow 
straight to the effluent without having much time to attach to the air bubbles and float to the 
surface (Hanafy and Nabih, 2007). 
Table 2.4 The effect of the flow rate on the different types of oils (adapted from Hanafy & 
Nabih, (2007) 
Inlet Flow rate 
(L/min) 
Cotton oil removal 
efficiency (%) 
Corn oil removal 
efficiency (%) 
Car oil removal 
efficiency (%) 
4 83 87 90 
8 75 79 78 
12 66 68 69 
16 60 57 65 
2.12.7 Effect of Coagulant 
Coagulation is a chemical pre-treatment step that involves destabilizing a particle suspension 
and has the ability to affect flocculation (Edzwald and Haarhoff, 2012). It can also be described 
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as an emulsion breaker. The most commonly used coagulant is a low molecular weight, a polymer 
which is able to neutralise the negative charge on the oil droplet as it absorbs on the surface of 
the oil droplet (Moosai and Dawe, 2003). The effectiveness of coagulant much depends on its 
charge density, molecular weight, dosage and coagulation time (Tansel and Pascual, 2004).  
It is widely used in the wastewater treatment because its ability of destabilizing and 
aggregating colloids (Ahmad et al., 2006). It provokes a physicochemical effect and be able to 
increase the size of the droplet and to improve the droplet-bubble adhesion, hence improving the 
removal efficiency of oil from the oil-in-water mixture (Zouboulis and Avranas, 2000). However, 
excess usage of coagulant will create activated sludge that may cause side effects when it 
discharges to the streams, for example, residue Alum (Ahmad et al., 2006). 
Alum is also known as ammonium aluminium sulfate (NH4)Al(SO4)2 is a type of coagulant 
used in this experimental project. Many experimental works on DAF were done before used alum 
to enhance the removal efficiency of oil from the oil-in-water mixture. Rattanapan et al., (2011) 
reported that the removal efficiency could achieve 95% by the aid of alum. They also mentioned 
that alum is cheaper than polyaluminium chloride by 10% and less expensive than ferric chloride 
by 263%.  
Hanafy & Nabih, (2007) added alum on corn oil separation and reported the removal efficiency 
was increased by 30%. Alum ions are absorbed in the oil/water interface and this increase the 
hydrophobicity of oil droplets at the surface. More hydrophobicity ions are preferable because 
they can decrease the repulsive double layer interaction, which acts as a barrier to flocculation 
(Al-Shamrani et al., 2002a). 
Al-Shamrani, James, & Xiao, (2002a) investigated the roles of coagulants as destabilizing 
agents for oil-water emulsions. They used aluminium sulphates Al2(SO4)316H2O and ferric 
sulphates Fe2(SO4)39H2O as coagulants. The coagulant was first mixed with an oil-water mixture 
at 200 rpm for 1 minute, flocculation for seven minutes with DAF using saturation pressure of 5 
barg and the addition of 10% of recycled water. The investigations were conducted at different 
pH. At pH 5, the addition of 10 mg/L of aluminium sulphates reduced the oil concentration from 
1630 ppm to 1094 ppm. The addition of another 50 mg/L reduced the concentration down to 571 
ppm. The same trend was observed for every pH tested. The worst removal was obtained at pH 
9, whereas the best removal of oil obtained at pH 7, which 99.94% of oil was removed at a dosage 
of 120 mg/L. 
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Ahmad et al., (2006) compared three different coagulants, Chitosan, ammonium aluminum 
sulphate (Alum) and polyaluminum chloride (PAC) in palm oil mill effluent (POME). The 
advantages of these coagulants are efficient, cheap, easy to handle and their availability. From the 
experiments conducted, 8 g/L of Alum was enough to remove 99% of residue oil from POME. 
However, 30 minutes of mixing time were needed to remove that amount of residue oil. Mixing 
time more than an hour will cause the residue to form again in the suspension. The excess usage 
of Alum as a coagulant in a wastewater treatment was not preferred as it creates residual Alum 
that may have side effects if discharging to the streams without further treatment. 
2.13 The Limitation of Computational Fluid Dynamics (CFD) 
Computer aided design (CAD) can be used to validate the performance of DAF besides 
experimental investigation. Previous researchers such as Hague, (2003); Hague et al., (2001); Ta 
and Hague, (2004) used CAD to investigate the performance of DAF in removing particles. The 
CAD software is known as Computational Fluid Dynamics (CFD). It is used to solve and analyse 
anything related to the fluid flows using numerical analysis and algorithms. Several researchers 
used CFD to model the performance of DAF.  
However, the used of CFD are limited to single phase system initially (Hague et al., 2001). 
They used CFD to measure the generic flow patterns in DAF. Then, it was used to model the two-
phase (air/water) flow in the tank (Ta et al., 2001). To the best knowledge of the author, the 
disadvantages of using CFD in this research project is it is unrealistic to model multiphase flow 
(air/water/oil) that consist of two or more air bubbles and oil droplets. Therefore, it is assumed 
that CFD is not the best method to validate the removal efficiency of oil from the oil-in-water 
mixture.  
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3 METHODOLOGY 
This chapter shall discuss the research methodology available for the study and what is 
applicable to achieve the aim and objectives of this experimental project as stated in Chapter 1. 
3.1 Experimental Investigation 
The principal methodology used in this work was that of an experimental investigation to see 
the performance of the DAF by adjusting seven operating parameters. From the review of the 
literature in Chapter 2, it can be concluded that the seven parameters are believed to enhance the 
performance of DAF in removing oil from the oil-in-water mixture, but no systematic 
investigation has been performed. The parameters tested were (1) the inlet oil concentration (2) 
the air saturator pressure (3) the temperature of continuous phase (4) the ionic strength of the 
continuous phase (5) type of oil (6) the flow rate of the mixture into DAF tank and (7) the coagulant 
dosage. This will be carefully explained in Section 4.1. 
3.2 Sample Analysis Methods 
The samples collected from the influent and effluent of DAF tank were analysed using two 
different methods, which oil-in-water measuring method and droplet counting method. Not many 
researchers investigated the removal of oil from the oil-in-water mixtures and focusing on the 
different size range (Abia-Biteo Belope & Thorpe, 2007; Abia-Biteo Belope, 2010; Aliff Radzuan 
et al. 2014). The common technique used before was that of analysed the sample regardless the 
size of the oil droplets such as COD, BOD and TDS (Al-Shamrani et al., 2002a; Galil and Wolf, 
2001; Hanafy and Nabih, 2007; Karhu et al., 2014; Moosai and Dawe, 2003; Moursy and Abo El-
Ela, 1982; Oliveira et al., 1999; Rattanapan et al., 2011; Zouboulis and Avranas, 2000). It is 
difficult with any of these methods to determine in which droplet size the DAF removed best. 
Therefore, the droplet counting method was used to tackle this problem. It is beneficial because 
it could measure the number of oil droplets in a sample, based on the size range that passes through 
the Coulter Counter’s aperture. Each analysis was conducted twice to confirm its reproducibility, 
and the average number was reporting elsewhere in this thesis. Another way to confirm its 
reproducibility was by analysing the samples using oil-in-water measuring method. It is also 
known as FastHEX method. It is an accurate measurement for oil-in-water and has been used for 
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Alba Field in oil-in-water measurement (Abia-Biteo Belope, 2010; Abia-Biteo Belope and Thorpe, 
2007). 
3.3 Dimensional Analysis and Correlation 
The results from these analyses were then fed into a dimensional analysis and the correlations 
of the experimental data were attempted. Linear correlation was attempted first to obtain the best-
fit line. Then, the regression of the inverse hyperbolic tangent transformations was applied. The 
reason of attempting the inverse hyperbolic tangent transformation was because several 
correlations obtained from the linear regression predict efficiencies outside 0 to 1. This is 
explained later in Chapter 6. 
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4 MATERIALS AND METHODS* 
4.1 Materials 
The liquids used in the experimental study were (1) University of Surrey, Guildford, Surrey tap 
water, (2) saline water, which was made by adding about 3.5% by concentration of NaCl (Supplied 
by British Salt Limited) to mimic the average salinity of seawater and some produced waters. (3) 
Vegetable oil (from Tesco Superstore), (4) lamp oil (Lamplight Farms) and (5) water solution of 
Alum dodecahydrate (NH4)Al(SO4)2·12H2O. It was made by adding Alum (supplied by Fisher 
Scientific) between 1.0 g, 1.5 g, 2.0 g and 2.5 g in 1 L of fresh water.  
It was decided that the vegetable oil should be tested as it is relevant to the food industries. 
However, in order to resemble the separation of oil droplets in an oil production platform, 
experiments were also carried out using a mineral oil, of which, lamp oil is the safest example in 
terms of vapour pressure. Despite the possibility of a product such as a supermarket vegetable oil 
varying in composition with time, the physical properties such as viscosity and temperature were 
measured several times, and minimal variance observed.  
4.2 Operating Parameters 
Seven operating parameters were varied throughout this experimental project. First, this 
involved varying the inlet oil concentration Coil(in) into the flotation tank by adjusting the flow rates 
of the oil to mix with the feed water. Flow rates of the oils were determined beforehand by 
calibrating the flow meters. The vegetable oil used a different flow meter from lamp oil because 
of their different viscosities. The calibration procedures are explained in Section 4.6, and the inlet 
oil concentration was determined using procedures discussed in Section 4.7.1.  
Next, the fresh water was pressurized with air under pressure, 3 or 4 barg. The air was generated 
using a compressor and flow into the water saturator pressure column. The maximum saturator 
pressure that can be applied to the system was 5 barg. Also, it was mentioned before that the 
bubble size did not change if the pressure used is above 3.5 barg (Han et al., 2002). Several 
                                                 
* Part of this section has been published in Chemical Engineering Research and Design. The title of the manuscript is 
‘Removal of Fine Oil Droplets from Oil-in-Water Mixtures by Dissolved Air Flotation’.  
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experiments were also conducted with zero air saturator pressure to investigate the removal 
efficiency performance without DAF. In the zero pressure case, the function of DAF was similar 
to the gravity separator.  
The third operating parameter tested was the temperature of the feed water. In this experiment, 
the temperatures of feed water were varied between 20 °C ± 2  and 35 °C. The water was heated up 
using a heating coil and the temperature of the continuous phase was controlled manually. The 
water is then mixed with the oil flowing from the oil feed tank and flows into the static mixer and 
DAF tank.  
Two types of continuous phase were used in this experiment. First, the fresh water supplied 
directly from the tap was mixed with the oil from the oil water feed tank. The second continuous 
phase used was saline water. It was made by adding 3.5% of NaCl by weight (supplied by British 
Salt Limited) to the tap water.   
The fifth operating parameter was the type of oil. The two types of oil have been identified 
significant to be tested in these experiments. Lamp oil that was supplied by Lamplight Farms used 
as the separation process mimics the real events in petroleum refinery plants. In addition, this is 
the safest example of mineral oil in terms of vapour pressure. Vegetable oil (supplied from Tesco 
Supermarket) was the other type of oil used. Being a triglyceride, it has entirely different chemical 
composition compared to the mineral oil which is mainly alkanes. It was used to see the actual 
separation process used for example in the palm oil industry.  
The sixth operating parameter investigated was the effect of Ammonium Aluminium Sulfate 
(NH4)Al(SO4)2. A coagulant used as a matter of course in all other investigation of DAF. The 
concentrations of alum were varied between 1.0 g/L, 1.5 g/L, 2.0 g/L, and 2.5 g/L.   
The final operating parameter tested in this experimental project was the flow rate of the 
mixture into the static mixer and the DAF tank. The flow rates of the mixture into the static mixer 
were varied between 45 to 30 L/min while the flow rates of the mixture into the DAF tank were 
ranged from 10 L/min to 25 L/min with 5 L/min intervals.  
4.3 Experimental Apparatus 
The DAF rig located at the University of Surrey (Fig. 4.1 Flow diagram of DAF system at 
University of Surrey consists of seven tanks; an oil feed tank (TK-01), a water feed tank (TK-02), 
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a flotation tank (TK-03), a water sump tank (TK-04), an effluent tank (TK-05), a salty water tank 
(TK-06) and a coagulant tank (TK-07). It also consists of a static mixer (SMV-02) supplied by 
Sulzer Chemtech that was used to break up the oil droplets to a diameter below 100 μm. Two 
flexible vane pumps (P-01 and P-02) were used to transport oil or feed water, and an air driven 
pump (P-03) was used to carry water from the water sump tank into the water saturator pressure 
column. A water filter (F-01) was used to prevent particles from entering the flotation tank via 
three sintered metal nozzles (V-04 a/b/c). A water saturator pressure column (C-01), three flow 
indicators (F-01 to F-03), several valves (V-01 to V-10) and also pressure regulator (V-11) were 
also installed. Q1 and Q2 are the mixture flow rates into static mixer and DAF tank in L/min, 
respectively. 
 
Fig. 4.1 Flow diagram of DAF system at University of Surrey 
4.3.1 Static Mixer (SMV-02) 
The use of a static mixer in this experimental project (See Fig. 4.2) provides a dispersive mixing 
action between the oil and water that are immiscible. The advantages of this disperser are; it 
requires minimum space and energy, it has high mixing efficiency, and it has low maintenance 
cost, as there are no moving parts. This unit consists of intersecting corrugated plates and channels 
that encourage a fast mixing action in combination with plug flow progression through the mixer 
(Sulzer Chemtech Ltd, 2009).  
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Fig. 4.2 Static mixer supplied by Sulzer Chemtech Ltd, 2009 
To mimic the application of the DAF in the industry, the desired droplet size to be produced in 
this project should be less than 100 μm, which is the typical maximum size of droplets coming out 
of the primary gravity separators. Most of the gravity separators are used to separate oil droplets 
more than 100μm in size, from the oil-in-water mixture. According to Sulzer Chemtech Ltd, 
(2009), there are various series of the static mixer, which ranges from SMV-02 to SMV-32 and 
the main difference is the number of mixing elements and the Sauter mean diameter of oil droplet 
produced by the SMV™ mixer can be determined by using equation Eq. 4.1. 
𝒅𝟑𝟐 = (𝟎. 𝟐𝟏𝑾𝒆
−𝟎.𝟓𝑹𝒆𝒎
𝟎.𝟏𝟓)𝒅𝒉 Eq. 4.1 
𝑊𝑒, 𝑅𝑒𝑚, and 𝑑ℎ are the Webber number, Reynolds number of the mixture, and hydraulic 
diameter of the mixer, respectively. The dimensionless numbers are defined using equation Eq. 
4.2 and Eq. 4.3. 
𝐖𝐞 =
𝛒𝐜𝒖𝒎
𝟐 𝐝𝐡
𝝎𝒎𝟐 𝛔
 
Eq. 4.2 
𝐑𝐞𝐦 =
𝛒𝐜𝒖𝒎𝐝𝐡
𝛚𝒎𝛍𝒄
    
Eq. 4.3 
𝜌𝑐, 𝑢𝑚, ω𝑚, σ, and μc are the density of the continuous phase, velocity of the mixture in the 
pipeline, void fraction of the mixture, interfacial tension between oil and water phase and dynamic 
viscosity of the continuous phase. In the standard experiment at University of Surrey, the SMV-
02 is used and the values of 𝜌𝑐, σ, and μ at 20°C are 998.2 kg/m
3, 0.0315 N/m, and 0.001 Pa.s 
(Tchobanoglous and Burton, 1991). The value of  𝑑ℎ , ω𝑚 , 𝑢𝑚 , is 0.002 m, 0.82, 2.5 m/s 
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respectively. 𝑢𝑚 was calculated by considering the 𝑄𝑚, 45 L/min in a pipeline along with the cross 
sectional area 0.0003 m2. From all of these values, both the Webber and Reynolds numbers were 
calculated as shown in Appendix A. 
The mean droplet diameter of the oil can be calculated by substituting the values into Eq. 4.1. 
Abia-Biteo Belope, (2010) chose to install SMV-02 because it generates the range of desired 
droplet size required for the experimental work. It has the smallest number of mixing elements 
with 63 μm being the mean diameter of the droplet size produced when 45 L/min of water passing 
through it.  
Next, the pressure drop across the SMV-02 can be estimated by using Eq. 4.4. It is significant 
to find the pressure drop in order to select a suitable pump that is capable of transporting the water 
and oil into the mixer and flotation tank. 
∆𝒑 = 𝑵𝒆 × 𝝆𝒄𝒖𝒎
𝟐
𝑳
𝒅
 
Eq. 4.4 
The Newton number is represented by 𝑁𝑒 where the value taken as 2.6 from Sulzer Chemtech 
Ltd (2009). Substituting those values into Eq. 4.4 for the maximum flow rate of 45 L/min, the 
maximum pressure drop obtained was 0.06 bar.  
Several experiments were conducted to investigate the performance of the static mixer on the 
oil droplet breaks up. The runs were carried out by removing the static mixer from the DAF unit. 
The results of these experiments are shown in Section 4.4.2.5. 
4.3.2 DAF flotation tank 
The DAF flotation tank used in these investigations is a scale model of an industrial unit 
operated by Thames Water plc. (Abia-Biteo Belope, 2010). This was built from Perspex material 
with dimensions of 1.00 m × 0.32 m × 0.39 m in length, width and height, respectively. The DAF 
tank built at the University of Surrey has two main zones; (1) contact zone and (2) separation zone 
(refer Fig. 4.3).  
The oil-in-water mixtures enter the DAF tank from the inlet and then flow into the contact zone 
at known flow rates. They are then contacted with the air bubbles releasing from the three different 
injections nozzles located at the bottom of the contact zone. The collision and attachment of the 
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oil droplets with the air bubbles form the agglomerates, which float more easily to the surface of 
the separation zone. The separation zone is the place where a sludge layer is created to be removed. 
Most of the removal of the oil droplets happens in the separation zone, and most of the un-floated 
oil droplets are dragged downwards to flow out to the effluent along with the clarified water.  
An experimental study was conducted to investigate the behaviour of the oil droplet adhesion 
on the walls of the Perspex material (Abia-Biteo Belope, 2010). The adhesion assessment was 
performed by dispersing the oil droplets in the containers made from the Perspex, plastic, and 
stainless steel. As a result, there was not much difference in adhesion as the oil adhered to all the 
walls in the same manner. Because of adhesion of oil to the walls of the unit, the walls were never 
cleaned. Therefore in any experiment, the adhesion of oil to the walls may be neglected. 
Attachment of oil droplets to the walls is neglected as well. This is because air bubbles that produce 
in the centre of contact zone are very unlikely to attach with the oil droplet that stick on the 
flotation tank wall 
 
Fig. 4.3 Scale model of industrial co-current dissolved air flotation tank. CZ and SZ are 
contact zone and separation zone, respectively.  
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4.3.3 The air saturator pressure 
The air saturator pressure was used to dissolve air into the water streams under pressures 3 and 
4 barg. No pressure above 4 barg was generated due to the safety reason and unaffected bubble 
size (Han, 2002). The air saturator is equipped with upper and lower sensors to control the water 
levels in the packed column (Hague, 2003). The relief valve installed on the top of air saturator is 
to make sure the pressure would not go beyond 5 barg. The air bubble distribution produced by 
this air saturator was measured using high-speed photography with a laser light sheet (Hague, 
2003). The average bubble diameter produced was 50 µm with a standard deviation of 5.5 µm.  
4.3.4 DAF Procedures 
 The main experiments were performed in the DAF tank, which is a scale model of DAF unit 
operated by Thames Water plc. using the experimental rig as shown in Fig. 4.1. The set-up consists 
of an oil tank (TK-01) of 18 litres volume, from which vegetable or lamp oil was pumped using a 
flexible vane pump (P-01) at a pre-determined rate, through a 20 mm pipe diameter(𝐷𝑝𝑖𝑝𝑒). The 
experiment with coagulant involved with alum from coagulant tank (TK-07) flow into (TK-01) at 
approximately 1 L/min. The oil was mixed with tap or saline water flowing from water feed tank 
(TK-02) or saline water tank (TK-06). The flow rate of continuous phase from TK-02 or TK-06 
was varied either at 30 or 45 L/min by adjusting V-07. V-08 was fully closed for the tap water to 
flow and V-06 was fully closed for the saline water to flow.  
The oil-in-water mixture was then pumped using a flexible vane pump (P-02) and flowed 
through a static mixer (SMV-02) made from five mixing elements that were supplied by Sulzer 
Chemtech. The static mixer was built from 316-stainless steel and had a 2 mm hydraulic diameter 
and a void fraction of 0.82. 20 L/min, which is the maximum flow rate for satisfactory operation 
for this DAF tank (Hague, 2003), was fed into the DAF tank (TK-03) The remaining fluid of 25 
L/min was made to bypass the flotation tank and routed straight to the effluent water tank (TK-
05) by adjusting the V-02. 
The water stream used to produce micro-bubbles in the flotation tank was pumped from a water 
sump tank (TK-04), using an air driven pump (P-03), to an air pressurised packed column (C-01) 
operated under pressure between 3 to 4 barg. Then, it flowed through a filter (F-01) before being 
routed to the three sintered metal nozzles (V-04 a/b/c) located at the bottom of the contact zone. 
As the pressurized water entered the flotation tank, the formations of tiny air bubbles were 
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observed as results of rapid pressure reduction. The tiny bubbles cannot be spotted by naked eyes, 
but they cause the water in the flotation tank cloudy. Edzwald, (2010) called it as ‘white water 
blanket.' The flow rate of the water through the nozzles was fixed at 4 L/hr. 
Sample points were placed on the pipeline to and from the flotation tank. Samples were 
collected at these points by fully open either V-03 or V-05. Then they were analysed after steady 
state was achieved, which was after approximately eight minutes. The remaining flow went 
directly into the effluent tank (TK-05) to be discharged after treatment to the nearest drain.  
4.4 Analysis Methods 
4.4.1  Oil-in-water measuring method  
The oil-in-water measuring method is also known as the FastHEX method. It is widely used in 
the oil-based industry, and it is a method for in oil-in-water measurement in the Alba Field (Abia-
Biteo Belope, 2010; Abia-Biteo Belope and Thorpe, 2007). In this method, a sample of oil in water 
is shaken with a fixed amount of solvent (usually hexane) and allows to settle. The oil layer is then 
analysed by the Ultraviolet-visible spectrophotometry (UV-Vis). 
UV-Vis from the model of Perkin Elmer-Lambda 2 was used to carry out the analysis of the 
influent and effluent samples from the DAF tank. It measures the intensity of fluorescent light 
which is known as absorbance that is generated by a known concentration of oil. The absorbance 
values were used to create a calibration curve that was applied to find the concentration of oil. 
This will be explained later in Section 4.4.1.1. 
 UV-Vis calibration 
Calibration of the UV-Vis spectrometer was required before the analyses could be conducted. 
It was calibrated using the same type of vegetable and lamp oil as consumed in the experiments. 
The calibration involved measuring the absorbance value of the oil concentration between 0 and 
100%. The calibration procedures are explained as below. 
5% concentration of oil in Hexane was prepared by mixing 5 ml of vegetable/lamp oil with 100 
ml of Hexane in a 200 ml beaker. The mixture was shaken gently for two minutes. Then, 10 ml of 
the mixture was transferred into the UV-Vis cuvette using a micropipette. Two cuvettes were 
prepared by using Hexane to act as ‘blanks’. The ‘blank’ cuvettes were placed in the UV-Vis 
spectrometer and measured. The cuvette that was placed at the front was then taken out and 
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replaced with the cuvette containing the sample. Next, the cuvette containing the sample was 
measured three times at three different wavelengths (300, 400, and 500 nm) and the average value 
was recorded. 300, 400, and 500 nm is the range of wavelength used by Abia-Biteo Belope, (2010) 
to analyse similar type of oil. The absorbance value was recorded from the UV-Vis spectrometer. 
The values were divided by a factor of 10 due to dilution of hexane. Steps above were repeated 
for different concentrations of oil in Hexane. The results are presented in Table A 1 and Table A 
2. 
Fig. 4.4 and Fig. 4.5 show the calibration curve of the Vegetable oil-Hexane and Lamp oil-
hexane from the UV-Vis at different wavelengths. A 300 nm wavelength obtained an almost 
horizontal line, which is not desirable. 500 nm wavelength shows a straight line, but the values 
were very close to zero. The best absorbance response was produced at 400 nm wavelength. It was 
a most stable reading compared to the others. Therefore, a 400nm wavelength will be used in this 
analysis method to measure the oil removal efficiency.  
 
Fig. 4.4 Veg. oil / Hexane calibration curve at 300 nm, 400 nm, and 500 nm wavelength 
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Fig. 4.5 Lamp oil / Hexane calibration curve at 300 nm, 400 nm, and 500 nm wavelength 
The standard error of estimate of the average absorbance was calculated using Eq. 4.5. 
𝝈𝒆 = √(
∑(𝒂𝒊 − ?̅?)𝟐
(𝒏(𝒏 − 𝟏))
) 
Eq. 4.5 
The calibration curve at a wavelength of 400nm for the vegetable and lamp oils obtained the 
line of best, which is described in Eq. 4.6 and Eq. 4.7. They are used to calculate the concentration 
of lamp and vegetable oil respectively. Here, 𝑎 is the absorbance value obtained from the UV-Vis.  
𝒂𝒗𝒐 = 𝟎. 𝟎𝟎𝟗𝟑𝟒𝑪𝒗𝒐 + 𝟎. 𝟎𝟓𝟗𝟖 Eq. 4.6 
𝒂𝒍𝒐 = 𝟎. 𝟎𝟎𝟖𝟏𝟑𝑪𝒍𝒐 + 𝟎. 𝟎𝟒𝟒𝟔 Eq. 4.7 
 Analysis Procedures 
The samples collected from the inlet and outlet of the DAF tank were analysed to find the oil 
droplet removal efficiencies. The oil-in-water measuring technique is carefully explained below. 
100 ml of sample were collected from the inlet/outlet sample points of the DAF tank. The 
sample was mixed with 10 ml of Hexane in a 200 ml beaker. The mixture of Hexane and sample 
was shaken gently for two minutes until the mixture of hexane and dissolved oil had formed a 
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layer on the surface. About 10 ml of the layered mixture was transferred into the UV-Vis cuvette 
using a micropipette.  
Two cuvettes filled with hexane were prepared as ‘blank’ samples. The first run began by 
placing both of the ‘blank’ samples in the UV-Vis spectrometer. The front ‘blank’ sample was 
taken out and replaced with the cuvette filled with the sample that contains oil. The sample 
absorbance measurement was conducted three times, and the average absorbance value was 
recorded. Steps mentioned before were repeated for each sample collected from the influent and 
effluent of the DAF tank.  
The oil droplet removal efficiency using the FastHEX method 𝐸𝐹𝐻 was obtained in two ways. 
The first is to convert the absorbance value to the oil concentration 𝐶𝑜𝑖𝑙 as in Eq. 4.6 or Eq. 4.7, 
depending on the types of oil. Then substitute the values into Eq. 4.8. 
𝑬𝑭𝑯=
𝑪𝒐𝒊𝒍(𝒊𝒏) − 𝑪𝒐𝒊𝒍(𝒐𝒖𝒕)
𝑪𝒐𝒊𝒍(𝒊𝒏)
 
Eq. 4.8 
𝐸𝐹𝐻 also can be calculated using the inlet and outlet absorbance values. This is carefully shown 
in Eq. 4.9.. The constant value of oil oil-hexane calibration 𝑘𝑖  for vegetable and lamp oil are 
0.0598 and 0.0446 respectively. These were obtained from Eq. 4.6 or Eq. 4.7.  
𝑬𝑭𝑯 =
𝒂𝒊𝒏 − 𝒂𝒐𝒖𝒕
𝒂𝒊𝒏 − 𝒌𝒊
 
Eq. 4.9 
4.4.2 Droplet counting method 
 Coulter Counter 
The Coulter Counter was developed back in the 1940s by Wallace H. Coulter to count blood 
cells. Nowadays, the Coulter Counter is not only used to count blood cells but can also be used to 
analyse the particles suspended in an electrolyte solution within a diameter range of 0.4 μm to 
1600 μm (Beckman-Coulter, 2009b). The diameter of the particles detected depends on the size 
of the aperture used. It offers apertures in the ranges of 20 μm to 2000 μm. However, an aperture 
is only suitable for analysing particles within 2% to 80% of its nominal diameter. The principle 
behind this technique is that the instrument counts and sizes the particles as they flow through the 
apparatus using the impedance measurement that is generated between two electrodes, one inside 
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the aperture tube and the other outside but inside the cuvette (Beckman-Coulter, 2009b) (Refer to 
Fig. 4.6).  
 
Fig. 4.6 Coulter Counter schematic diagram 
The counting and sizing steps started when the electric current is applied to the system. As a 
droplet passed through the aperture, a volume of electrolyte equal to the immersed volume of the 
droplet was displaced from the sensing zone, which caused a short-term change in the impendence 
across the aperture. This can be measured as a voltage pulse or current pulse, with the height of 
the pulse was proportional to the volume of the sensed particle and proportional to the droplet 
mass, if constant density is assumed (Beckman-Coulter, 2009b). 
 Coulter Counter Calibration 
A Coulter Counter was used in this experimental project for the oil droplet counting because of 
its capability to count the oil droplets with a diameter in the desired range when they passed 
through the aperture. The Coulter Counter was first calibrated before the analyses could be done. 
For a 100 µm aperture tube, 10 μm latex beads were used as a calibrator. These were diluted with 
a mixture of tap water and isotonic solution in a cuvette as recommended by the manufacturer 
(Beckman-Coulter, 2009a). The cuvette was then placed in the Coulter Counter for the calibration. 
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This was started quickly and took about 3 minutes to complete. The calibration value (𝑘𝑑) was 
obtained by the Coulter Counter based on the size of the aperture.  The 𝑘𝑑 value was 60.3 for a 
100 µm aperture. The results obtained from the calibration are plotted in Fig. 4.7. Most of the Vf 
(%) lie in the range 9-11 µm. It can be concluded that the calibration was successful with the 100 
µm aperture tube.  
 
Fig. 4.7 The calibration of 100 µ Coulter Counter’s aperture tube using 10 μm Latex Beads 
The volume oil droplets in a size range (𝐕𝒊) is defined by calculating the volume of droplets 
with the median diameter multiplied by the total number of oil droplets obtained by the Coulter 
Counter. This is mathematically described in Eq. 4.10. 𝑟 is the radius of the oil droplet in the 
middle size range. 
𝐕𝒊 =
𝟒
𝟑
𝝅𝒓𝟑 × 𝑵𝒖𝒎𝒃𝒆𝒓 
Eq. 4.10 
The volume fraction percentage, 𝑉𝑓(%) of each oil droplet size range was calculated by dividing 
the volume of a specific oil droplet size range by the total volume obtained from a set of 
experiments and multiplying by 100. This is mathematically explained in Eq. 4.11. 
𝑽𝒇(%) =
𝑽𝒊
∑ 𝑽𝒊
× 𝟏𝟎𝟎% 
Eq. 4.11 
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 Coulter Counter procedures 
The analysis was started quickly to reduce the risk of oil droplet coalescence and rise. The 
analysis was conducted as soon as the sample had been collected in a sampling bottle from the 
inlet/outlet sampling valve. The complete droplet counting procedures are explained below: 
The sample from the sampling bottle was transferred into a cuvette and mixed with 3 ml of 
isotonic solution. The cuvette was placed on the Coulter Counter, and the first analysis was started 
with the range of 15-20 μm. The numbers obtained from the Coulter Counter display unit were 
recorded. The procedures were repeated for the next size ranges. This was conducted starting 80 
µm down to 15 µm at 5 µm intervals. 
Based on the terminal rise velocity (Refer Eq. 2.12), the analysis of both oil types can be done 
before the oil droplets begin to form a sludge layer on the surface. For instance, for an oil droplet 
with a diameter of 60 µm, the terminal rise velocity for veg. oil and lamp oils were 1.96x10-4 m s-
1 and 3.72x10-4 m s-1, respectively. The time taken for the oil droplets (𝒕) to reach the surface in 
the cuvette was calculated by considering the height of the cuvette (𝑯𝒄), which was of 0.05 m, 
and using Eq. 4.12. 
𝒕 =
𝑯𝒄
𝒖𝒐
 
Eq. 4.12 
So, it takes approximately 255 seconds for vegetable oil droplets of 60 µm to float on the 
surface of the mixture in the cuvette. A larger oil droplet has a shorter time to float. Therefore, the 
analyses by Coulter Counter were done in from the big to small oil droplet size. Table 4.1 shows 
the time taken for the two types of oils to reach the surface based on the different droplet sizes. 
The average time taken to complete a set of analysis was approximately two minutes.  
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Table 4.1 Time taken for the oil droplets to reach the surface of the mixture in the cuvette 
  Veg oil Lamp Oil 
 do μm Time (s) 
10 9,193 4,838 
20 2,298 1,210 
30 1,021 538 
40 575 302 
50 368 194 
60 255 134 
70 188 99 
80 144 76 
90 113 60 
100 92 48 
The droplet size distributions of the inlet and outlet of the DAF tank were plotted based on the 
volume fraction (𝑉𝑓) of the oil droplet. This was calculated from the number/count obtained by 
the Coulter Counter. The oil droplet removal efficiency from the Droplet Counting method 𝐸𝐶𝐶 is 
calculated using equation Eq. 4.13.  
𝑬𝑪𝑪 =  
∑ 𝑽𝒊 − ∑ 𝑽𝒊𝒐𝒖𝒕𝒊𝒏
∑ 𝑽𝒊𝒊𝒏
 
Eq. 4.13 
 Analyses of Unwanted Particles in the Water Supply 
The purpose of these investigations was to account for unwanted impurities that might be 
undissolved in the feedwater before they mix with the inlet oil. The numbers of unwanted particles 
recorded in this analyses were used to be subtracted with the number of oil droplets obtained from 
the real experiment. The analyses were done using the Coulter Counter, with the range 80 to 15 
µm with 5 µm bands. Table A 6 and Table A 7  in the appendix section show the number of 
particles detected in the water. The maximum size range of particles detected was 45-50 µm.  
 Investigation of the static mixer effects on the inlet oil droplet breaks up  
These experiments were conducted to investigate the effect of a static mixer on the oil droplet 
break-up. The samples were collected from the inlet valve. Each of the runs was performed twice 
to confirm its reproducibility. The flow rates of the mixture to the static mixer and DAF tank were 
45 L/min and 20 L/min, respectively. The full set of results with and without the presence of the 
static mixer is represented in Table A 8 and Table A 9, respectively in the appendix section..  
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Fig. 4.8 shows that the experiment with the static mixer produced more oil droplets in the 
desired size range, which was between 15 to 80 μm. It was verified that the static mixer works 
accordingly to break up the oil droplets. Fewer oil droplets were produced in the preferred size 
range in the experiment without the static mixer. It was presumed that much of the volume of oil 
feed to the DAF tank as bigger oil droplets (>100 µm). 
 
 Fig. 4.8 Differences in vegetable oil droplet volume for the runs with and without static 
mixer (SMV-02) 
 Comparison of the volume fraction of oil collected from the valve and the distributor 
For the sampling method, it is best practice to always collect the samples from the sampling 
valve and not directly from the distributor. However, the valve especially with restricted opening 
may affect the droplet size due to the droplet break-up. Therefore, these runs were conducted to 
investigate the effects of the valve on the oil droplet. The samples were collected directly from the 
valve (fully open) and the distributor located in the DAF tank. Each of the runs was repeated twice 
to confirm its reproducibility. Table A 10 until Table A 13 in the appendix section show the full 
set of results from the runs using lamp oil. 
Fig. 4.9 shows that there was no significant difference in terms of volume fraction calculated 
from the samples collected from the valve and the distributor. In the investigation conducted, lamp 
oil droplets in the range 15-80 µm did not break up during the sampling from the valve. This shows 
that the sampling method from the valve is acceptable.  
0
10
20
30
40
50
1
5
-2
0
2
0
-2
5
2
5
-3
0
3
0
-3
5
3
5
-4
0
4
0
-4
5
4
5
-5
0
5
0
-5
5
5
5
-6
0
6
0
-6
5
6
5
-7
0
7
0
-7
5
7
5
-8
0
V
o
lu
m
e
 (
m
3
)
do Range (µm)
No SMV-02 SMV-02
Aliff Radzuan Mohamad Radzi  Chapter 4 
 55 
 
Fig. 4.9 Volume fractions Vf (%) of lamp oil collected from the valve and the distributor at 
(a) 0.1% and (b) 0.2% Coil(in) 
This test was repeated with vegetable oil. Table A 14 to Table A 17 in the appendix section 
present the full set of results obtained from the experiments conducted. These were carried out at 
Coil(in) = 0.1% and 0.2%.   
From these sets of experiments, it can be seen that the vegetable oil produced a wider droplet 
size distribution compared to the lamp oil, of up to 65-70 µm. However, there are still no 
significant differences between the volume fractions of the oil droplets collected from the valve 
and from the distributor (See Fig. 4.10).  
  
Fig. 4.10 Volume fraction Vf (%) of veg. oil collected from the valve and distributor at (a) 
0.1% and (b) 0.2% Coil(in) 
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4.5 Capillary Viscometer Experimental Procedures 
The procedures outlined below were used for measuring the viscosity of vegetable oil and lamp 
oil between the room temperature and 35 °C. Two types of viscometers (Type B and D) used were 
Poulten Selfe TM U-tube viscometer supplied by the Fisher-Scientific UK. Type B was used for 
water and lamp oil while type D was used for vegetable oil. The selection of viscometer’s type 
depends on the fluid kinematic viscosity. It was supplied with NAMAS certificate of calibration.  
4.5.1 Procedures for Measuring Viscosity at the Room Temperature 
The viscometer was set up as shown in Fig. 4.11. Then, it was filled up with the oil until half 
of the R1 as shown in Fig. 4.12. The pipette bulb was used to lift the fluid up through the viscometer 
pass the line M1. The pipette bulb then was removed when the fluid reached M1. The time was 
started once the fluid hits M1. The time for the fluids to drop down from M1 to M2 was recorded 
at least three times, and the average was recorded.  
 
Fig. 4.11 Viscometer set-up for room temperature 
Capillary viscometer
U-tube
Clamp
Stand
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Fig. 4.12 U-tube Viscometer 
4.5.2 Procedures for Measuring Viscosity at 35 °C 
The apparatus was set up as shown in Fig. 4.13. The heating system was set up to 35 °C, and 
the agitator was switched on at 50 rpm to encourage better heat transfer. The heating coil that 
attached with the thermostat control was automatically switched off when the temperature of water 
in the glass tank reached 35 °C. The temperature inside the glass tank was ensured stabilise at 35 
°C. Steps as outlined in 4.5.1 were repeated. 
 
Fig. 4.13 Viscometer set-up for 35 °C  
R1
  R2
M1
M2
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Kinematic viscosity (𝒗) of two different oils were measured by using U-tube viscometer 
supplied by Fisher-Scientific. The viscosity of the lamp oil was measure by using the viscometer 
size type B and has a nominal constant 0.01 mm2 s-2. The suitable viscosity range for type B 
viscometer is between 2 to 10 mm2 s-1. It is crucial to use suitable viscosity range for particular oil 
as the viscometer might not work properly. Thus, it cannot be used to measure the vegetable oil 
as its estimate viscosity is 78 mm2 s-1. Kinematic viscosity, 𝒗 is calculated by using Eq. 4.14. 
𝒗 =  𝒕  × 𝑵𝒐𝒎𝒊𝒏𝒂𝒍 𝑪𝒐𝒏𝒔𝒕𝒂𝒏𝒕 Eq. 4.14 
Here, 𝑡 is the time taken for fluids flowing down from the top marker to the bottom. The 
nominal constant is supplied by the Fisher-Scientific, (2008). From Table 4.2, it shows that the 
viscosity of each fluid involved in the DAF experiment decreases with increasing the temperature. 
Despite the possibility of such a product varying in composition with time, these physical 
properties such as kinematic viscosity, density and temperature were measured several times, and 
minimal variance observed. 
Table 4.2 Kinematic viscosity of water and two different types of oils 
 Water Lamp oil Veg. oil 
Temperature °C 18 18 18 
Volume (ml) 12 12 12 
Time to flow mean (s) 78 140 603 
Density  (kg m-3) 998.68 810 900 
Nominal Constant (mm2 s-2)† 0.011 0.011 0.095 
Kinematic viscosity  (mm2 s-1) 0.858 1.540 57.61 
4.6 Surface/Interfacial Tension Measurement 
The surface/interfacial tensions were measured using Du Nouy Ring method (Shaw, 1992) in 
a room temperature (20°C ± 1). This was begun by removing the precipitates that stuck on the ring 
by burning it on the Bunsen burner. Then, the ring was hung inside the tensiometer manufactured 
by KRŰSS. The surface tension of water-air was measured by fully immersing the ring in the 
bottle containing water and bringing it up to the surface. Next, the initial surface tension value was 
                                                 
† The value of nominal constant was given by the viscometer manufacturer (Fisher-Scientific, 2008) 
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reset to zero and measurement was started. The second measurement involved with the interfacial 
tension of water-oil. 10 mL of lamp oil was poured onto the water in the same bottle without 
touching the ring. The ring was fully immersed in the water and brought up very close to the water-
oil surface. The value was first to reset to zero and measurement was then started. The same 
procedures as water-air surface tension were applied to measure the surface tension of oil-air. The 
same procedures were used to measure lamp and vegetable oil with water, salty water and alum 
solution (2 g/L), respectively. No pH adjustment involved in the surface tension measurement.  
4.7 Flow Meters Calibration 
There are two flow meters used in this experiment. They are for lamp and vegetable oil, 
respectively. The flow meters were calibrated because they had been calibrated by the 
manufacturer for water and for this experiment the flow meters will be used to measure oil flow 
rate. The flow meter was calibrated by measuring the time taken for the particular oil to flow into 
the measuring cylinder to a chosen volume. Table A 18 and Table A 19 in the appendix present 
the results obtained from the calibration of a flow meter for lamp oil and vegetable oil. These 
tables tell the actual flow rate of the oil based on the flow meter reading.  
Fig. 4.14 and Fig. 4.15 represent the calibration curves of the lamp and vegetable oil rotameters. 
The line of the best fit from the both figures, which describe in Eq. 4.15 (lamp oil) and Eq. 4.16 
(veg. oil), were used to find the corresponding oil flow rate to calculate the inlet oil concentration 
flowing into the static mixer.  
𝒚 = 𝟗. 𝟐𝟎 × 𝟏𝟎−𝟔𝒙𝟐 + 𝟑. 𝟗𝟕 × 𝟏𝟎−𝟒𝒙 Eq. 4.15 
𝒚 = 𝟕. 𝟎𝟑 × 𝟏𝟎−𝟐𝒙𝟐 − 𝟓. 𝟑𝟔 × 𝟏𝟎−𝟐𝒙 Eq. 4.16 
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Fig. 4.14 The calibration graph of the flow meter for the lamp oil 
  
Fig. 4.15 The calibration graph of the flow meter for the vegetable oil 
4.7.1 Inlet Oil Concentrations 
The inlet oil concentrations percentage flowing into the static mixer is calculated based on the 
percentage of the volume fraction. The most common inlet oil concentrations used in this research 
project are 0.1% and 0.2%. Calculations below show how to obtain 0.2% inlet oil concentration 
of lamp oil and vegetable oil. 
The full results of required rotameter reading for the preferred inlet oil concentration are 
presented in Table A 20 and Table A 21 in the appendix. Fig. 4.16 and Fig. 4.17 show the 
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differences in the rotameter flow rate reading of two different inlet oil concentrations based on the 
mixture flow rate.  
 
Fig. 4.16 Required lamp oil flow rate to produce desired Coil(in) based on the flow rate of the 
mixture into the static mixer (Q1) 
 
Fig. 4.17 Required vegetable oil flow rate to produce desired Coil(in) based on the flow rate 
of the mixture into the static mixer (Q2) 
4.8 Mixture Flow Rates to Static Mixer (Q1) 
For this experiment, two different flow rates are investigated: the flow rate into the static mixer 
(Q1) and the flow rate into the DAF tank (Q2). Q1 were varied between 45 and 30 L/min, while 
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Q2 were set between 10, 15, 20, and 25 L/min. The velocities and Reynolds number for each flow 
rate obtained is recorded in Table 4.3. The Reynolds number of the mixture in a pipe is calculated 
using Eq. 2.8, with an example, 𝜌𝑤is 1000 kg m
-3, 𝑢𝑚 is 0.833 m s
-1, 𝑑𝑝𝑖𝑝𝑒is 0.02 m and 𝜇𝑤 is 
0.00085 kg m-1 s-1, based on the flow rate of 15 L/min into the DAF tank.  
Table 4.3 Reynolds number of the mixture in the pipe at different volumetric flow rate 
Qm (L/min)  ρ (kg/m3) um (m/s) dpipe (m) μw (kg/m s) Re 
10 
1000 
0.556 
0.02 8.50x10-4 
1.31 x104 
15 0.833 1.96 x104 
20 1.111 2.61 x104 
25 1.389 3.27 x104 
30 1.667 3.92 x104 
4.9 Agreement of the Two Analyses Methods 
In this section, the oil droplet removal efficiencies obtained from both Oil-in-Water measuring 
and Droplet Counting methods are compared to explore the agreement between them. The 
comparison was explored from the experiments of (1) No DAF, lamp oil + tap water, (2) 4 barg, 
lamp oil + tap water, (3) 4 barg, vegetable oil + tap water, (4) 3 barg, lamp oil + tap water and (5) 
3 barg, vegetable oil + Tap water.  
The oil droplet removal efficiencies of the experiment with No DAF, lamp oil + tap water that 
analysed with FastHEX are shown in Fig. 4.18 (a). They were found to be 24.5% and 21.1%, and 
the analysis with the Coulter Counter were found to be 24.8% and 21.9% for Coil(in) of 
approximately 0.10% and 0.20%, respectively. The experiment that involved 4 barg, lamp oil and 
tap water when analysed with FastHEX are shown in Fig. 4.18 (b). They were found to be 34.4% 
and 27.1%, and the analyses with Coulter Counter obtained oil droplet removal efficiencies of 
31.4% and 30% for Coil(in) of approximately 0.10% and 0.20%.  
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Fig. 4.18 Comparison of removal efficiency of oil droplet from the FastHEX and Coulter 
Counter methods in the experiment of  (a) No DAF, lamp oil + tap water and (b) 4 barg, 
lamp oil + tap water 
Experiments with the saturator pressure set at 4 barg using vegetable oil and tap water gave oil 
droplet removal efficiencies are shown in Fig. 4.19 (a). The analyses with Coulter Counter were 
found to be of 62.2% and 45.9% while the analysis with FastHEX gave 64.7% and 54.3% for 
Coil(in) of approximately 0.10% and 0.20%., respectively. Experiments with the saturator pressure 
set at 3 barg using lamp oil and tap water gave removal efficiencies are shown in Fig. 4.19 (b). 
The analyses with FastHEX were found to be of 28.0% and 21.9%. The oil droplet removal 
efficiencies measured by the Coulter Counter were found to be 28.6% and 21.8 for Coil(in) of 
approximately 0.11% and 0.21%, respectively. Experiments with the saturator pressure set at 3 
barg using vegetable oil and tap water gave removal efficiencies are shown in Fig. 4.20. The 
analyses with Coulter Counter were found to be 53.5% and 37.1% while the analyses with 
FastHEX were found to be 56.9% and 37.3% for Coil(in) of approximately 0.10% and 0.20%.  
Therefore, these two independent methods were chose to be used throughout this research 
project. This was because they obtained almost similar results that are comparable.   
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Fig. 4.19 Comparison of removal efficiency of oil droplet from the FastHEX and Coulter 
Counter methods in the experiment of (a) 4 barg, vegetable oil + tap water and (b) 3 barg, 
lamp oil + tap water 
 
Fig. 4.20 Comparison of removal efficiency of oil droplet from the FastHEX and Coulter 
Counter methods in the experiment of (2) 4 barg, vegetable oil + tap water and (2) 3 barg, 
lamp oil + tap water  
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5 RESULTS AND DISCUSSIONS‡ 
Using the procedures explained in Chapter 4, the effects of seven parameters were tested, and 
the results are discussed in this chapter. For a reminder, the seven parameters tested are; the effect 
of (1) inlet oil concentration, (2) air saturator pressure, (3) temperature, (4) water salinity, (5) oil 
type, (6) alum dosage and (7) mixture flow rate. The results presented here were obtained using 
oil-in-water measuring method (FastHEX) or/and oil droplet counting method (Coulter Counter).  
They were 42 different experimental conditions investigated, and some of them are discussed 
in this chapter and the remaining results are attached in APPENDIX A. 
5.1 The Effect of the Inlet Oil Concentration  
The effect of the inlet oil concentration was investigated by varying the oil flow rates into the 
static mixer while the other variables were kept constant. Q1 was fixed at 45 or 30 L/min while 
Q2 was fixed at 20 L/min. Two or three different inlet oil concentrations were tested for the oil-
in-water measuring method and two for the droplet counting method.  
 The removal efficiencies of oil droplet from the experiment of 4 barg, vegetable oil + tap water 
are exhibited in Fig. 5.1. They were found to be 75.0%, 63.6% and 52.2% at Coil(in) of 
approximately 0.04%, 0.12% and 0.22% respectively. The removal efficiency of oil droplets of 
experiments with a similar set of conditions, but No DAF were found to be 53.4%, 43.8% and 
32.6% at Coil(in) of approximately 0.04%, 0.12%, and 0.24%, respectively. These indicate that inlet 
oil concentration was inversely proportional with oil droplet removal efficiency.  
Next, the removal efficiencies of the experiments of vegetable oil with salty water at 4 barg 
were found to be 95.8%, 91.3% and 86.5% at Coil(in) of approximately 0.04%, 0.12% and 0.22%, 
respectively. The experiment carried out under similar conditions but No DAF obtained the oil 
droplet removal efficiencies of 63.2%, 55.5% and 44.0% with the same Coil(in). It shows a trend 
that, within experimental error, the removal efficiency decreased linearly with increasing inlet oil 
concentration. From the results obtained, a better removal efficiency for vegetable oil occurred at 
                                                 
‡ Part of this section has been published in Chemical Engineering Research and Design. The title of the manuscript is 
‘Removal of Fine Oil Droplets from Oil-in-Water Mixtures by Dissolved Air Flotation’. 
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lower inlet oil concentration. A lower inlet oil concentration produced less oil droplets in the 
flotation tank. This increased the frequency of collision and attachment of oil droplet and air 
bubbles, assuming the number of air bubbles produced were constant. As realised by Xiao-bing et 
al., (2007), increasing the feed rate cause the residence time of oil droplets in the flotation tank 
reduced. Therefore, less oil droplets and air bubbles were collided and attached to each other. This 
caused deterioration of removal efficiency.  
  
Fig. 5.1 Removal efficiencies of vegetable oil droplets from oil-in-water mixtures  
A similar pattern of results from vegetable oil with tap water at 4 barg was demonstrated for 
the experiment with lamp oil with tap water at 4 barg and the results are exhibited in Fig. 5.2. The 
oil droplet removal efficiencies of 49.2%, 34.4% and 27.1% were obtained between Coil(in) 0.06%, 
0.11% and 0.16%, respectively. The experiments conducted under similar conditions as before but 
without DAF (No DAF) obtained the oil droplet removal efficiencies of 34.7%, 25.0% and 21.1% 
with the same Coil(in). Once again these indicate that inlet oil concentration was inversely 
proportional with oil droplet removal efficiency.  
Next, the removal efficiencies of experiments 4 barg, lamp oil with salty water were found to 
be 80.8%, 69.4% and 61.9% at similar Coil(in) as vegetable oil experiment. The removal efficiencies 
from the experiments No DAF, lamp oil and salty water were found to be 56.0%, 45.0%, and 
37.0% at Coil(in) of approximately 0.06%, 0.12% and 0.17%, respectively. It shows a trend that, 
within experimental error, the removal efficiency also decreased linearly with increasing inlet oil 
concentration.  
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Similar removal efficiency trend of vegetable oil was obtain for the experiment of lamp oil, 
which a better removal efficiency was found to be at a lower inlet oil concentration. However, the 
experiment conducted with vegetable oil produced a better removal efficiency with the similar set 
of experimental condition. This is due to the surface and interfacial tension of disperse and 
continuous phase, which will be discussed later in Section 0. 
 
Fig. 5.2 Removal efficiencies of lamp oil droplets from oil-in-water mixtures 
The samples of the similar experiments (lamp or vegetable oil + tap or salty water at 4 barg or 
No DAF) also were analysed using droplet counting method and the results are shown in Fig. 5.3. 
Each of the experiments was conducted twice to explore reproducibility. The oil droplet removal 
efficiencies from the experiment 4 barg, lamp oil + tap water were found to be 19.7% and 24.5% 
(average = 22.1%) for Coil(in) 0.2% (Run 1), while 27.0% and 27.5% (average = 27.3%) for Coil(in) 
0.1% (Run 8). For the experiments 4 barg, veg. oil + tap water, the removal efficiencies were 
found to be 44.7% and 47.0% (average = 45.9%) for Coil(in) 0.2% (Run 3), while 61.8% and 62.5% 
(average = 62.2%) for Coil(in) 0.1% (Run 6).  
The difference of removal efficiency between lamp and vegetable oil was due to the different 
physical properties of this oil. Lamp oil has a lower viscosity than vegetable oil. This properties 
allowed lamp oil to easily break up into smaller oil droplets when entering the inlet of flotation 
tank (Bassam, 1989; Edzwald and Haarhoff, 2012). At the outlet, most of the smaller oil droplets 
reduced due to the coalescence (Aliff Radzuan et al., 2014). Therefore, the removal efficiency 
deteriorated.  
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Fig. 5.3 Removal efficiencies of oil droplet at different Coil(in) of the experiments 4 barg + 
tap water using Coulter Counter  
For a reminder, the Coulter Counter only can detect the oil droplet size from 15 µm up to 80 
µm because of the capability of the aperture used in this analysis (Beckman-Coulter, 2009a). A 
larger size of aperture can be used to detect bigger range of oil droplets but not the tiny oil droplets, 
which are the focus size of the experiment. Fig. 5.4 illustrates the lamp oil droplet size distributions 
at difference inlet oil concentrations. These experiments were conducted with lamp oil + tap water 
at Coil(in) of 0.2% (Run 1) and 0.1% (Run 2). Q1 and Q2 were fixed at 45 L/min and 20 L/min, 
respectively. Most of the oil droplets produced 25 to 35 µm. As mentioned by Van Ver Zande and 
Van Ven Broek, (1998a), this was probably happened because of the oil droplet break up due to 
turbulence flow in the pipe before entering static mixer.  
  
Fig. 5.4 Droplet size distribution of the Lamp oil at 4 barg at Coil(in) (a) 0.2% and (b) 0.1% 
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According to Fig. 5.5, better separations occurred between 40 to 55 μm where the removal 
efficiencies are within 30% to 60%. A better removal efficiency in a range 40 to 55 μm was 
because the size of the oil droplets similar to the size of air bubbles produced. A deterioration of 
removal efficiencies after 55 μm may be caused by a coalescence of oil droplets or fewer bubbles 
of similar size of oil droplets.  
Based on the overall analysis, the vegetable oil droplet has a wider size distribution compared 
to lamp oil. Vegetable oil droplet size distribution can reach up to 80 µm while 70 µm for the lamp 
oil. This was probably because of the physical property of the oil such as the viscosity. Lamp oil 
that has a lower viscosity than vegetable oil makes it easier to break up into small droplets in the 
static mixer. Therefore, it is very unlikely for lamp oil to have oil droplets at a bigger size range 
compared to vegetable oil.  
  
Fig. 5.5 Removal efficiency and its difference between Coil(in) 0.2% and 0.1% of Lamp oil + 
tap water at 4 barg 
Fig. 5.6 shows the vegetable oil size distribution. These experiments were conducted at 4 barg 
+ tap water at Coil(in) of 0.2% (Run 3) and 0.1% (Run 6). Q1 and Q2 were fixed at 45 L/min and 
20 L/min, respectively. A wider distribution can be seen from the vegetable oil experiments 
compared to lamp oil. Larger number of oil droplet collected from the outlet shows that the 
separation was not effective at smaller oil droplet size. At larger diameter of oil droplets, the 
separation occurred by the gravity and enhanced successfully by DAF system.  
0
20
40
60
80
1
5
-2
0
2
0
-2
5
2
5
-3
0
3
0
-3
5
3
5
-4
0
4
0
-4
5
4
5
-5
0
5
0
-5
5
5
5
-6
0
6
0
-6
5
6
5
-7
0
7
0
-7
5
7
5
-8
0
E c
c 
A
ve
ra
ge
 (
%
)
do Range (μm)
0.20% 0.10%
0
20
40
60
80
1
5
-2
0
2
0
-2
5
2
5
-3
0
3
0
-3
5
3
5
-4
0
4
0
-4
5
4
5
-5
0
5
0
-5
5
5
5
-6
0
6
0
-6
5
6
5
-7
0
7
0
-7
5
7
5
-8
0
E C
C
D
if
fe
re
n
ce
 (
%
)
do Range (μm)
Aliff Radzuan Mohamad Radzi  Chapter 5 
 70 
  
Fig. 5.6 Droplet size distribution of the veg oil at 4 barg at Coil(in) (a) 0.2% and (b) 0.1% 
Fig. 5.7 shows the removal efficiencies of experiments 4 barg, vegetable oil and tap water at 
Coil(in) approximately of 0.2% (Run 3) and 0.1% (Run 6). Better separations started to occur started 
from the range 30 µm and above for Coil(in) (a) 0.2%. While for 0.1% most of the removal 
efficiencies were obtained 55% and above. This was because the gravity separation is enhanced 
by DAF at bigger oil droplet size. In addition, no coalescence of oil droplets detected for vegetable 
oil. Run 3 shows the efficiency increases from 15 μm up to 80 μm while for Run 6 most of the 
removal efficiency lie in between 60-80%. 
  
Fig. 5.7 Removal efficiency and its difference between Coil(in) 0.2% and 0.1% of vegetable 
oil + tap water at 4 barg 
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Next, the results of the experiments involved No DAF, lamp oil + tap water are shown in Fig. 
5.8. Run 2 with Coil(in) of approximately 0.2% obtained removal efficiencies of 19.5% and 20.6% 
(average = 20.1%). Run 7 that run with the same system apart of with Coil(in) of approximately 
0.1% obtained 27.3% and 25.1% (average = 26%). This demonstrates that the experiments 
conducted at Coil(in) of approximately 0.1%. The removal efficiencies of the experiments No DAF, 
vegetable oil + tap water (Run 4) were found to be 18.3% and 23.1% (average = 20.7%) at Coil(in) 
0.2% and 33.5% and 32.8% (average = 33.2%) at Coil(in) 0.1% (Run5).  
 
Fig. 5.8 The comparison of oil droplet removal efficiencies based on inlet oil concentrations 
for lamp and vegetable oil without the presence of DAF  
Fig. 5.9 shows the lamp oil droplet size distribution for the experiment with tap water with No 
DAF at Coil(in) 0.2% (Run 2) and 0.1% (Run 7). A similar trend of result as Fig. 5.4 was observed, 
where most of the oil droplets were in the range 25 to 35 µm. This was caused by the droplet 
breakout entering the flotation tank. A larger volume fraction of outlet than inlet can be seen in 
Fig. 5.9 (a) and (b) at larger droplet size range. This indicated that higher number of larger oil 
droplets detected at the outlet than inlet that caused by coalescence of oil droplets.  
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Fig. 5.9 Droplet size distribution of the lamp oil + No DAF at Coil(in) (a) 0.2% and (b) 0.1% 
Because no air bubbles were introduced into the DAF tank, the separation occurred by gravity 
separation. The removal efficiencies were decreased in size ranges 50-55 µm (See Fig. 5.10). 
Above this size, coalescence had begun to occur for lamp oil. The coalescence produced bigger 
oil droplets, which are large enough that unlikely can be separated by gravity. Coalescence of the 
oil droplets can be seen when the removal efficiency of the oil droplets in a size range had a 
negative value which indicate there were more number bigger oil droplets in the outlet (Aliff 
Radzuan et al., 2016) . 
   
Fig. 5.10 Removal efficiency and its difference between Coil(in) 0.2% and 0.1% of lamp oil + 
tap water with No DAF 
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Fig. 5.11 shows the results from runs 4 (0.2%) and 5 (0.1%) and their differences based on the 
droplet size. Q1 and Q2 were fixed at 45 L/min and 20 L/min, respectively. A better removal 
efficiencies were obtained from Run 5, at Coil(in) 0.1% due to more oil droplets captured by air 
bubbles. Most of the removal efficiencies lie between 20-30 %. This was probably happened 
because of the size of the bubbles produced simiar to the average oil droplets coming into the 
flotation tank. 
 In contrast with Run 4 that was conducted at Coil(in) 0.2%, the average removal efficiencies 
steadily increased up to 55-60 μm. The average removal efficiencies between 55-75 μm were 
around 30% before the efficiency went up to approximately 40% at 75-80 μm.  
   
Fig. 5.11 Removal efficiency and its difference between Coil(in) 0.2% and 0.1% of vegetable 
+ tap water with No DAF 
As a conclusion for the effect of inlet oil concentration, the increase in oil droplet removal 
efficiency with decreasing Coil(in) may be explained as follows. As the inlet oil concentration 
decreased, the quality of the collision and attachment were increased. This was because a lower 
number of oil droplets in the inlet have more chances to successfully attach with the air bubbles. 
Assuming that number of air bubbles produced was similar. The small fraction of the oil droplets 
that did not attach to the air bubbles increased as Coil(in) increased and caused removal efficiencies 
to deteriorate (Aliff Radzuan et al., 2016). The oil droplets that were not successfully attached 
flowed to the effluent tank. 
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 The results obtained in this experimental work agrees with the work done by Hanafy and 
Nabih, (2007). He also emphasized the importance of primary gravity separator to remove bigger 
oil droplets followed by secondary separator that can enhance the separation process by removing 
smaller oil droplets, so that the maximum removal efficiency can be achieved.  
5.2 The Effect of Air Saturator Pressure 
The second parameter tested in this experimental project was the effect of air saturator pressure. 
It is one of the ways that influence the mean diameter of tiny bubbles. Due to the pressure 
limitation of the air supply, which could only achieve up to 4 barg, only pressures of 3, 4, and 0 
barg (No DAF) were applied to the flotation process. In addition, it has been identified that the 
bubble size stays the same when the pressure is increased to more than 3.5 barg (Han et al. 2002)  
The results of the effect of air saturator pressure analysed using oil-in-water measuring method 
are illustrated in Fig. 5.12. Q1 and Q2 were set at 45 L/min and 20 L/min, respectively. The 
removal efficiencies from the experiments of lamp oil + Salty water at No DAF, 3 and 4 barg were 
found to be 56.0, 74.5 and 80.8%, respectively. While the experiments involved vegetable oil + 
Tap water were found to be 32.6, 39.0 and 52.0%. It shows a trend that, within experimental error, 
the removal efficiency increased linearly with increasing pressure. These results clearly show the 
significance of suitable air saturator pressure to produce many micro bubbles with suitable size 
for better separation. This was supported by Al-Shamrani et al., (2002a); Edzwald and Haarhoff, 
(2012); Féris et al., (200)1; Han et al., (2002); Xiao-bing et al., (2007), which they found that the 
number of air bubbles produced in the saturator pressure column increased with increased saturator 
pressure. Therefore, more oil droplets were captured at 4 barg of saturator pressure.  
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Fig. 5.12 The effects of air saturator pressure at No DAF, 3 and 4 barg  
The effects of air saturator pressure analysed using the droplet counting method for the lamp 
oil experiments were compared. They are between runs 11,41 and 10 for Coil(in) 0.1% (refer Fig. 
5.13) and runs 9,42 and 12 for Coil(in) 0.2% (refer Fig. 5.14). Q1 and Q2 were fixed at 30 L/min 
and 20 L/min, respectively. The removal efficiencies differences between those runs were not 
obviously seen on the graph. However, it can be distinguished based on the average removal 
efficiency. 
From the figures shown, most of the removal efficiencies for 4 barg experiment lie close to 
40%. This shows that 4 barg was produced more air bubbles than have similar size of oil droplets 
coming into the flotation tank. A lesser number of air bubbles were produced at 3 barg. This was 
probably due to unmatching bubble size diameters with oil droplets as mentioned by Han et al., 
(2002). This resulted the removal efficiencies were found to be between 30% to 40%. 
 For the experiments without DAF, most of the oil droplet removal efficiencies lie below 30% 
in most of the size ranges. Low quality of removal efficiencies were happened because of the 
separation only occurred by gravity without the help of air bubbles. Negative removal efficiency 
was found at the range 15-20 µm as a result of ineffective gravity separation in removing oil 
droplets. Another reason of negative removal efficiency was because coalescence of oil droplets 
occurred during separation process (Aliff Radzuan et al., 2016, 2014). This caused more bigger 
oil droplets were detected at the outlet than inlet.  
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Fig. 5.13 Oil droplet removal efficiencies between saturator pressure of 4 barg, 3 barg and 
No DAF, lamp oil + tap water at Coil(in) (%) 0.1%  
According to Feris and Rubio, (1999), gas at a higher pressure is more soluble in the liquid than 
at a lower pressure. This mean that the extra gas dissolved at high pressure must come out of 
solution when pressure is reduced. Henry’s Law predicts that the amount of gas dissolved in a 
liquid is proportional to the absolute pressure of the gas. Therefore, the amount of gas that can be 
released from the DAF units is higher at high pressure. 
 
Fig. 5.14 Oil droplet removal efficiencies between saturator pressure of 4 barg, 3 barg and 
No DAF, lamp oil + tap water at Coil(in) (%) 0.2% 
A clearer difference in removal efficiencies can be seen for the experiments of vegetable oil as 
shown in Fig. 5.15. It shows that the best removal efficiency obtained from the experiments of 4 
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barg, followed by 3 barg. 3 barg saturator pressure produced lesser amount of air bubbles than 4 
barg with bigger diameter than oil droplets (Al-Shamrani et al., 2002a; Han et al., 2002; Moosai 
and Dawe, 2003). The removal of oil from oil-in-water mixture occurred due to gravity separation 
enhanced by the effect of air saturator pressure. Experiments of No DAF have the worst removal 
efficiency. The maximum removal efficiency acvhieved by gravity separation was approximately 
40%. This was because this separation did not have any other factors that can enhance the oil 
removal.  
 
Fig. 5.15 Oil droplet removal efficiencies between saturator pressure of 4 barg, 3 barg and 
No DAF, vegetable oil + tap water at Coil(in) (%) 0.2% 
The experiments of lamp oil as a dispersed phase and tap water as a continuous phase were 
conducted at two different inlet oil concentrations and the results are presented in Fig. 5.16 (a). 
For 4 barg experiments, the oil droplet removal efficiencies were found to be 32% and 31.2% 
(average 31.7%) for Coil(in) of approximately 0.1%, and 29.4% and 28.4% (average 28.9%) at Coil(in) 
of approximately 0.2%. At 3 barg air saturator pressure, the efficiencies were found to be 28.4% 
and 29.7% (average 29.0%) and 22.4% and 22.4% (average 22.4%) at Coil(in) of approximately 
0.1% and 0.2%. The removal efficiencies of the experiments without DAF were found to be 21.1% 
and 21.2% (average 21.1%) and 15.5% and 17.1% (average 16.3%) at Coil(in) of approximately 
0.1% and 0.2%, respectively. This shows that oil droplet removal efficiency is directly 
proportional with air saturator pressure.  
The results of the experiments with vegetable oil as the dispersed phase are presented in Fig. 
5.16 (b), The removal efficiencies of oil droplet at 4 barg were found to be 65.8 and 63.8 (average 
64.8%) and 46.6% and 44.1% (average 45.4%). At 3 barg the efficiencies were found to be 52.2% 
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and 54.7% (average 53.5%) and 35.7% and 38.5% (average 37.1%) and for the experiment without 
DAF, they were found to be 33.5% and 32.8% (average 33.2%) and 18.3% and 23.1% (average 
20.6%). All these were for Coil(in) 0.1% and 0.2%, respectively. It shows a trend that, within 
experimental error, may be described as linear 
  
Fig. 5.16 The comparison of oil droplet removal efficiencies based on air saturator pressure 
for the experiment of (a) lamp and (b) vegetable oil + tap water between No DAF, 3 barg, 
and 4 barg 
From the experiments conducted, the results at 4 barg may partially reflect the removal 
efficiency. Although not 100% of dissolved air forms bubbles when released into the DAF tank, 
the amount of air dissolved or released is proportional to the pressure difference as described in 
Henry’s law. The higher pressure difference may give a better matching between the number of 
bubbles and the number of oil droplets, especially at a higher inlet oil concentration. In addition, 
saturator pressure at 4 barg produced air bubbles diameter size similar to the average oil droplets 
which were at 50-55µm (Hague, 2003). In addition, as metioned by Han et al., (2002) better 
collision and attachment between air droplets and air bubbles occur when they are in similar size. 
On the contrary, the worst oil droplet removal efficiency was found to be obtained from the 
experiment of No DAF due to gravity separation without DAF enhancement (refer Fig. 5.12). As 
all things are considered, DAF with saturator pressure at 4 barg is very effective in removing tiny 
oil droplets in the oil droplet size range tested here.  
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5.3 The Effect of Temperature 
Fig. 5.17 shows that the removal efficiency of oil droplets increased with increasing 
temperature for the different types of oils and saturator pressure. The effect of temperature is of 
importance since it can be affected by sequencing of heat changes on a flowsheet and by cooling 
water temperature which varies throughout the year. The temperature of the water continuous 
phase from the water feed tank was ranged from room temperature of approximately 20°C ± 2 °C 
and by heating the supply water to 35 °C± 2 °C. The removal efficiencies of the experiments of 4 
barg, vegetable oil and salty water at 35 °C were found to be 95.6%, 93.1% and 88.7% at Coil(in) 
0.05%, 0.12% and 0.24%, respectively. The similar set of experiments but at the 20°C were found 
to be 95.8%, 91.3% and 86.5% at Coil(in) 0.04%, 0.12% and 0.22% respectively. The removal 
efficiencies of the experiments conducted without DAF with lamp oil and tap water at 35 °C were 
found to be 36.9%, 27.8% and 19.1% at Coil(in) 0.07%, 0.12% and 0.19%, respectively, while the 
same experiments at 20°C were found to be 35.4%, 24.5% and 21.1% at Coil(in) 0.06%, 0.12% and 
0.16%, respectively This shows that the oil droplet removal efficiency is directly proportional to 
the temperature of the system. The experiments conducted at a higher temperature obtained 
slightly better oil droplet removal efficiencies than the experiments conducted at 20°C. This may 
be expected as the increase in temperature reduces the viscosity of the mixture; therefore, the rise 
velocity of the oil droplets is increased (Abdel-Aal et al., 2003; Al-Shamrani et al., 2002a; Moosai 
and Dawe, 2003). It shows a trend that, within experimental error, the removal efficiency may be 
described as linear. 
 
Fig. 5.17 The effect of temperature on the oil droplet removal efficiency by FastHEX 
method 
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Investigations further explore that removal efficiencies are dependent on the temperature were 
done by measuring the kinematic viscosity of the oils using Ostwald viscometer as explained in 
Section 4.5.2. Lamp and vegetable oil were heated up in a beaker of water until they reached 35 
°C. As a result, the kinematic viscosity of the oils decreases with increasing temperature as 
presented in Table 5.1. An obvious kinematic viscosity difference can be seen from the vegetable 
oil where the values are 57.61 and 39.64 mm2/s at 20 °C and 35 °C respectively.  
Table 5.1 The effect of the oil temperature to kinematic viscosity 
  Lamp oil Vegetable oil 
Temperature °C 20 35 20 35 
Time to flow (s) 140 133 603 415 
Density  (kg/m3) 810 810 900 900 
Nominal Constant (mm2/s2)§ 0.011 0.011 0.095 0.095 
Kinematic viscosity  (mm2/s) 1.54 1.46 57.61 39.64 
The dynamic viscosity is related to the terminal rise velocity. The terminal rise velocity of the 
oil increases with decreasing dynamic viscosity and the removal efficiency of oil droplets 
increases. Another possible reason that a higher temperature resulted in a better removal efficiency 
of the oil droplets is because air solubility in water is dependent on temperature. According to 
Table 5.2, Henry’s law constant for air increases with increasing temperature. Eq. 5.1 was used 
to determine the solubility of air in water at 10 °C 20 °C and 30 °C. 
𝑷 = 𝑯. 𝑪𝒆𝒒 Eq. 5.1  
Table 5.2 Henry’s law constant for Air, Nitrogen and Oxygen gases (Adapted from 
Tchobanoglous & Burton, 1991) 
 ×104 atm/mol fraction 
Temperature °C Air Nitrogen Oxygen 
0 4.32 5.29 2.55 
10 5.49 6.68 3.27 
20 6.64 8.04 4.01 
30 7.71 9.24 4.75 
40 8.7 10.4 5.35 
                                                 
§ Values are provided by the Fisher-Scientific (2008) 
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Dry air contains approximately 79% nitrogen and 21% oxygen. The values of a partial fraction 
of the gas in the air are 0.79 and 0.21 for nitrogen and oxygen respectively. Table 5.3 shows that 
air solubility in water decreases with increasing temperature, which is better for the air bubble 
production. Air solubility in water at 10 °C, 20 °C, and 30 °C is 0.03, 0.0246 and 0.0125 g/mol 
respectively. Increasing temperature of the continuous phase increase the kinetic energy of the 
molecules. This causes the break of intermolecular bonds and release more air bubbles. 
Table 5.3 Air saturation in water based on the different temperatures 
 Nitrogen Oxygen Nitrogen Oxygen Nitrogen Oxygen 
Temperature °C 10 20 40 
Partial fraction in Air 0.79 0.21 0.79 0.21 0.79 0.21 
Ceq 1.18E-05 6.42E-06 9.83E-06 5.24E-06 7.60E-06 3.93E-07 
1 L of water (g/mol) 55.6 55.6 55.6 
Gas Concentration (mol/L) 6.58E-04 3.57E-04 5.46E-04 2.91E-04 4.22E-04 2.18E-05 
Molar Weights (g/mol) 28 32 28 32 28 32 
Saturation concentration 
(g/L) 
1.84E-02 1.14E-02 1.53E-02 9.32E-03 1.18E-02 6.98E-04 
Air solubility in water 
(g/mol) 
0.030 0.0246 0.0125 
The increase in temperature also impacted the surface tension of the liquid. The surface tension 
decreased with increasing temperature because of the cohesive energy between the molecules 
becomes smaller. The cohesive energy will finally disappear at a critical point (Tsujii, 1998). This 
will be discussed further in Section 0. No experiment to see the effect of temperature was done 
using droplet counting method as the results obtained from the oil-in-water measurement method 
has a minimal effect on removal efficiency. 
5.4 The Effect of Water Salinity 
The effect of salinity is more important in the oil refinery than in the food industries. This is 
because hydrocarbon need to be separated from the produced water that contain sea water. The 
investigation was carried out using two different types of continuous phase: Guilford, Surrey tap 
water, and salty water. For these investigations, the DAF saturator pressure was fixed at 4 barg 
while the concentration of the salty water was constant at 3.5 g/L, similar to that of seawater 
salinity concentration.  
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The full set of results of these investigations is illustrated in Fig. 5.18. The oil droplet removal 
efficiencies from the experiments lamp oil + tap water were found to be 49.2%, 34.4% and 27.1% 
at Coil(in) 0.06%, 0.11% and 0.16%. Meanwhile the similar experiment with the salty water obtained 
80.8%, 69.4% and 61.9% at Coil(in) 0.06%, 0.11% and 0.16%, respectively. The experiments with 
vegetable oil and tap water produced oil droplet removal efficiencies of 75.0%, 63.6% and 52.0% 
at Coil(in) 0.04%, 0.12% and 0.22%, respectively. Better removal efficiencies among these 
investigations were obtained from the experiment of vegetable oil with salty water, which the oil 
droplet removal efficiencies were found to be 95.8% 91.3% and 86.5% between Coil(in) 0.04%, 
0.12% and 0.22%.  
 
Fig. 5.18 The effect of salinity on the oil droplet removal efficiency by FastHEX method 
The possible reasons for this behaviour are because (1) salt alters the repulsive charges of the 
oil droplets, which encourages the attachment of the air bubbles to the oil droplets (Moosai and 
Dawe, 2003). (2) Adding salts to water suppresses the coalescence of bubbles (Thoma et al. 1999). 
Hence, the bubble size did not increase, and therefore, more oil droplets of the desired size were 
captured. To maintain high collision efficiency, coalescence of the bubbles should be avoided so 
that they remain below 100 μm. (3) The addition of salt enhances the spreading coefficient, 
resulting in better attachment of the air bubbles to the oil droplets (Edzwald, 2010; Oliveira et al., 
1999). The experiments conducted with salty water obtained a better oil droplet removal efficiency 
than tap water of the same set of conditions.  
A futher investigation was done to see the effect of water salinity using surface tension 
experiments. From Table 5.4, it was found that the spreading coefficient for lamp and vegetable 
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oil was higher when mix with the salty water than fresh water. Therefore, a better separation of 
oil from oil-in-water mixtures would occur in salty water continuous phase. As suggested by 
Edzwald and Haarhoff, (2012)  a higher spreading coefficient ease the bubble to spread around oil 
droplet, hence increased attachment efficiency.  
Table 5.4 Average of spreading coefficient according to salinity change and different type 
of oils. 
  Fresh water Salty water 
Property  Lamp oil  Veg. oil  Lamp oil  Veg. oil  
Water-air (mN/m) 68.2 ± 0.1 68.6 ± 0.2 68.9 ± 0.1 69.2 ± 0.1  
Water-oil (mN/m) 39.7 14.0 ± 0.3 35.1 ± 0.2 9.4 
Oil-air (mN/m) 26.3 ± 0.2 34.3  26.2 ± 0.1 33.3 ± 0.2 
Spreading 
Coefficient 
(mN/m) 
2.20 20.3 7.6 26.5 
5.5 The Effect of Type of Oil 
Food oils are chemically different from mineral oils. Therefore, they represent different 
interfacial environment which should be investigated. The calculation based on the terminal rise 
velocity predicts the lamp oil will have a better oil droplet removal efficiency than vegetable oil. 
It was because of the lamp oil has a higher terminal rise velocity that caused by a bigger density 
difference between it and the continuous phase. However, the experiments conducted showed 
contrasting results. The experiments carried out with vegetable oil presented a higher oil droplet 
removal efficiency than lamp oil with a similar set of conditions. This is shown in Fig. 5.19. 
For the experiment of 4 barg with tap water, the oil droplet removal efficiency for the vegetable 
oil and lamp oil were found to be 64.8% and 31.7%, respectively at Coil(in) approximately 0.1%. 
Q1 and Q2 were fixed at 30 L/min and 20 L/min, respectively. The similar set of experiments but 
using a different type of oil gave an increase of removal efficiency by more than a factor of two. 
The analysis done with Coulter Counter showed that the coalescence of lamp oil droplets was one 
of the reasons. The coalescences occurred between 60-70 μm. Coalescence did not happen for any 
range of droplet sizes with vegetable oil (refer to Fig. 5.19). The largest difference on removal 
efficiency was obtained at largest droplet size 65-70µm (80%) while most of the differences are 
between 20-40% 
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Fig. 5.19 The average oil droplet removal efficiency and the difference between the 
experiments conducted with lamp oil and vegetable oil with tap water at 4 barg 
Next, the effect of oil on the oil droplet removal efficiency was investigated using an Alum 
solution as a continuous phase at 4 barg. The results are shown in Fig. 5.20 for lamp and vegetable 
oil. Alum was used because it is a common coagulant used in the industry that changes the 
spreading coefficient of fluid (Moosai and Dawe, 2003). These experiments were conducted at 4 
barg and Alum concentration of 1.5 g/L. The oil droplet removal efficiency of the lamp oil and 
vegetable oil were found to be 45% and 62.4% at Coil(in) 0.2%. There was no evidence of 
coalescence occurring for lamp and vegetable oil, with the experiment conducted with Alum. 
  
Fig. 5.20 Oil droplet removal efficiency difference between (a) lamp oil and (b) vegetable 
oil with Alum concentration of 1.5 g/L 
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The results were supported using surface tension measurement to see the effect of type of oil. 
The measurement of surface/interfacial tensions was conducted three times and the average is 
shown in Table 5.4. The data presented in Table 5.4 is without the pH adjustment. All of the 
measurements were done three times, and the average value was recorded. 
The observations from the experiments show that the viscous vegetable oil stuck on the ring for 
a period of time until detached from it. Therefore more tensions are required to detach the ring from 
the oil layer. In additition, less water-vegetable oil surface tension was caused by the hydrophilic 
affect when vegetable oil touch the ring. From the data presented, these show that vegetable oil has 
larger spreading coefficient than lamp oil, either with fresh water or salty water as a continuous 
phase. Therefore, the separation are easier for vegetable oil than lamp oil because air bubbles easily 
spread on the oil droplets (Bassam, 1989; Edzwald and Haarhoff, 2012) 
5.6 The Effect of Alum Dosage 
The effect of coagulant was investigated using a different concentration of Alum (between 1.0 
g/L and 2.5 g/L) on the lamp and vegetable oil at P = 4 barg and Coil(in) = 0.2%. Q1 and Q2 were 
fixed at 30 L/min and 20 L/min, respectively. This experiment also involved adjusting the pH of 
the coagulant solutions from alkaline to neutral using H2SO4. This was to replicate a classic 
investigation by Edzwald and Haarhoff, (2012); Haarhoff and Edzwald, (2013); Hanafy and 
Nabih, (2007). They mentioned that the better separation occurred when the mixture pH is neutral 
or close to neutral.  
The results of the experiments of lamp and vegetable with alum solution are shown in Fig. 5.21. 
The lamp oil droplet removal efficiencies were found to be 43.8%, 47.1%, 52.9% and 64.7% 
between Alum concentration of 1.0 g/L, 1.5 g/L, 2.0 g/L and 2.5 g/L, respectively. The vegetable 
oil droplet removal efficiencies were found to be 52.2%, 59.1%, 77.3% and 86.4% between Alum 
concentration of 1.0 g/L, 1.5 g/L, 2.0 g/L and 2.5 g/L, respectively. This shows a trend that, the 
removal efficiency is increasing linearly with the concentration of Alum. A similar condition of 
experiments analysed by FastHEX was analysed using Coulter Counter. The results of the 
experiments with lamp and vegetable oil are illustrated in Fig. 5.22. The lamp oil droplet removal 
efficiencies were found to be 31.7%, 45%, 50.2% and 67.1% between Alum concentrations of 0 
g/L, 1.5 g/L, 2.0 g/L and 2.5 g/L. Meanwhile, the vegetable oil droplet removal efficiencies were 
found to be 45.9%, 62.4%, 72.2% and 83.7% for the same concentrations as lamp oil experiments.  
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According to Zouboulis and Avranas, (2000) coagulants can provoke a physico–chemical 
effect, apparently serving to demulsify and increase droplet size and to improve droplet-bubble 
adhesion, thereby improving overall removal efficiency. Alum ions are absorbed at the oil/water 
interface and this increases the hydrophobicity of the droplets at the surface. Consequently, the 
electrostatic potential at the aggregate surface is lowered in the presence of more hydrophobic ions 
decreasing the repulsive double layer interaction, which acts as a barrier of flocculation 
 
Fig. 5.21 The oil droplet removal efficiency of (a) lamp and (b) vegetable oil that conducted 
with Alum at different concentration analysed by FastHEX. P=4 barg Coil(in) = 0.2% 
 
Fig. 5.22 The oil droplet removal efficiency of (a) lamp and (b) vegetable oil that conducted 
with Alum at different concentration analysed by Coulter Counter P=4 barg Coil(in) = 0.2% 
The oil droplet removal efficiencies based on the droplet size ranges are shown in Fig. 5.23 
Based on the droplet counting method, a steady removal of oil occurred between 40 μm and 80 
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μm in which the average oil droplet removal efficiencies were between 40% and 60%. These can 
be observed for the experiment lamp oil and Alum at 1.5 g/L and 2.0 g/L, respectively. Higher oil 
droplet removal efficiencies can be seen from the similar conditions of an experiment but at 2.5 
g/L alum concentration than 1.0 g/L and 1.5 g/L. Most of the removal efficiencies lie between 
60% and 80%. The experiment vegetable oil with alum produced a similar pattern of results as the 
lamp oil. The higher concentration of alum produced a better oil droplet removal efficiency. Fig. 
5.24 show that most of the oil droplet removal efficiencies by size range lie between 40% and 
100%. Meanwhile, the best overall removal efficiency was obtained from the experiment of 
vegetable oil with 2.5 g/L alum where most the efficiencies by size range lie between 50% and 
100%.  
The results show significant enhancement of removal efficiency.It can be seen that more 
number of bigger oil droplets (> 50 µm) were captured when more coagulant was added into the 
mixture. This caused by the hydraulytic reaction of coagulant that can effectivelt capture the oil 
droplets and quickly float (Zouboulis and Avranas, 2000). This means that the addition of Alum 
caused the smaller oil droplets easily attach to form bigger oil droplets, which has a higher terminal 
rise velocity. A bigger oil droplet is easier to separate from the mixture by gravity separation and 
enhanced by DAF. 
 
Fig. 5.23 Oil droplet removal efficiency of lamp oil without Alum and Alum at 1.5, 2.0 and 
2.5 g/L. P=4 barg Coil(in) = 0.2% 
-40
-20
0
20
40
60
80
100
1
5
-2
0
2
0
-2
5
2
5
-3
0
3
0
-3
5
3
5
-4
0
4
0
-4
5
4
5
-5
0
5
0
-5
5
5
5
-6
0
6
0
-6
5
6
5
-7
0
7
0
-7
5
7
5
-8
0
E C
C
(%
)
do Range (μm)
Effect of ALUM- Lamp Oil
No Alum 1.5 g/L 2.0 g/L 2.5 g/L
Aliff Radzuan Mohamad Radzi  Chapter 5 
 88 
 
Fig. 5.24 The oil droplet removal efficiency of vegetable oil without Alum and with Alum at 
1.5 2.0 and 2.5 g/L. P=4 barg Coil(in) = 0.2% 
From the results obtained, the oil droplet removal efficiencies increase with increasing Alum 
concentrations. This was probably because more surface-active agent has been added to the 
mixture and caused the spreading coefficient to increase. It was shown before Fig. 5.23 and Fig. 
5.24 that the addition of Alum affects the interfacial tension of water and oil and also the surface 
tension oil and air and hence the spreading coefficient. 
Another possibility is that the addition of alum reduced the zeta potential hence destabilise the 
particles. A higher zeta potential was not preferred as it causes a greater repulsive force between 
particles, therefore, increase the particles stabilisation. Reductions of the zeta potential difference 
caused the bubbles become positively charged. The opposite charge of bubbles and oil droplets 
(which are negatively charged) increased the flotation of agglomerate (Tansel and Pascual, 2004), 
therefore, improved the removal efficiency.  
An investigation was done to see the effect of alum dosage using surface tension experiment as 
shown in Table 5.5. This shows a better spreading coefficient was obtained with alum as 
continuous phase than fresh water. As mentioned before, a larger spreading coefficient is needed 
for a better separation of oil from oil-in-water mixture because it ease the spreading of air bubbles 
on the oil droplet (Bassam, 1989; Edzwald and Haarhoff, 2012) 
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Table 5.5 Spreading coefficient of lamp and vegetable oil mix with either fresh water, salty 
water or Alum as continuous phase.  
Property 
Fresh water Alum 
Loil Voil Loil Voil 
Spreading Coefficient mN/m 2.20 20.30 10.70 21.80 
No investigation was done with the Alum concentration more than 2.5 g/L. The reasons are 
because a higher concentration of this coagulant is not normally economically viable and the 
effluent could be dangerous to be released into the streams. The full sets of results of these 
investigations are presented in Table A 35 to Table A 42 for FastHEX analysis. The effect of 
alum also can be seen in the droplet size distribution. It shifted most of the smaller oil droplets to 
a bigger size. It can be seen in Fig. 5.25, in which smaller oil droplets in (a) shifted to a bigger 
diameter (b), (c) and (d).  
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Fig. 5.25 Lamp oil droplet distribution of the experiments conducted without alum and 
between different alum dosages, (a) No Alum, (b) 1.5 g/L, (c) 2.0 g/L and (d) 2.5 g/L 
Similar patterns of oil droplet distribution for vegetable oil are shown in Fig. 5.26. The small 
oil droplet in the inlet flow shifted to a bigger size in cases (b), (c) and (d) after the mixture had 
Alum added.  
0
2
4
6
8
10
12
14
16
18
20
1
5
-2
0
2
0
-2
5
2
5
-3
0
3
0
-3
5
3
5
-4
0
4
0
-4
5
4
5
-5
0
5
0
-5
5
5
5
-6
0
6
0
-6
5
6
5
-7
0
7
0
-7
5
7
5
-8
0
V
f
(%
)
do Range (μm)
(a) No Alum
Inlet Vf Outlet Vf
0
2
4
6
8
10
12
14
16
18
20
1
5
-2
0
2
0
-2
5
2
5
-3
0
3
0
-3
5
3
5
-4
0
4
0
-4
5
4
5
-5
0
5
0
-5
5
5
5
-6
0
6
0
-6
5
6
5
-7
0
7
0
-7
5
7
5
-8
0
V
f 
(%
)
do Range (μm)
(b) 1.5 g/L
Inlet Vf Outlet Vf
0
2
4
6
8
10
12
14
16
18
20
1
5
-2
0
2
0
-2
5
2
5
-3
0
3
0
-3
5
3
5
-4
0
4
0
-4
5
4
5
-5
0
5
0
-5
5
5
5
-6
0
6
0
-6
5
6
5
-7
0
7
0
-7
5
7
5
-8
0
V
f 
(%
)
do Range (μm)
(c) 2.0 g/L
Inlet Vf Outlet Vf
0
2
4
6
8
10
12
14
16
18
20
1
5
-2
0
2
0
-2
5
2
5
-3
0
3
0
-3
5
3
5
-4
0
4
0
-4
5
4
5
-5
0
5
0
-5
5
5
5
-6
0
6
0
-6
5
6
5
-7
0
7
0
-7
5
7
5
-8
0
V
f 
(%
)
do Range (μm)
(d) 2.5 g/L
Inlet Vf Outlet Vf
Aliff Radzuan Mohamad Radzi  Chapter 5 
 91 
  
  
 Fig. 5.26 Vegetable oil droplet distributions of the experiments conducted without Alum 
(a) and between different Alum dosages (b), (c), and (d) 
Apart from enhancing the spreading coefficient, Alum worked well as a coagulant where the 
smaller oil droplets coalesce to form bigger oil droplets that have a similar size to the air bubbles. 
Therefore, the usage of coagulant enhanced the attachment of the air bubbles over the oil droplets. 
The full results of these experiments are presented in Table A 77 to Table A 82 for droplet 
counting method analysis.  
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5.7 The Effect of Mixture Flow Rates  
First, the effects of mixture flow rates into static mixer (Q1) were investigated using droplet 
counting method. This involved varying the Q1 between 30 and 45 L/min and Q2 were kept 
constant. This can be done by adjusting V-07 (refer to Fig. 4.1). The removal efficiencies of 
vegetable oil at approximately Coil(in) 0.1% at both flow rates were found to be 64.8% and 62.1%, 
while at Coil(in)  0.2% the removal efficiencies were found to be 45.4% and 42.5%, respectively.  
Fig. 5.27 shows that there was no obvious difference in the oil droplet removal efficiency 
between when the flow rates. Also, no significant change in inlet oil droplet size distribution for 
these flow rates. Based on the static mixer calculation, a lower flow rate into static mixer will 
produce a bigger oil droplet size and vice versa. However, this wide range of oil droplet size does 
not count in removal efficiency due to break up and coalescence before entering flotation tank 
(Van Ver Zande and Van Ven Broek, 1998b). The removal efficiency was only measured of inlet 
and outlet of flotation tank.   
 
Fig. 5.27 The removal efficiency comparison of oil from oil-in-water mixture based on the 
flow rate of the mixture into static mixer (Q1) 
The next investigation involved varying the flow rates into the DAF tank (Q2). This was done 
by adjusting V-02 (refer to Fig. 4.1). Q2 were varied between 10 and 25 L/min, in 5 L/min 
increments. The design of this DAF tank allowed the maximum flow rate of 20 L/min to match 
with the hydraulic loading of 7.3 m/hr, calculated using Eq. 2.5.  
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Fig. 5.28 exhibits the performance of the DAF at different flow rates into the DAF tank. The 
oil droplet removal efficiencies are plotted against the flow rate of the mixture into DAF tank. 
Also, plotted together are the trends obtained from the linear correlation of multiple regression. 
The symbol represents the experimental data, and the lines are the trend obtained from the linear 
regression.  
 
Fig. 5.28 The removal efficiency comparison of oil from an oil-in-water mixture based on 
the flow rate of the mixture into DAF tank. All of the symbols produced a similar removal 
efficiency at 30 L/min. R is the prediction of multiple regression. 
For all sets of experiments, the oil droplet removal efficiencies were decreased with increasing 
flow rates into the DAF tank (Q2). This was because higher flow rates result in the oil droplets 
having a low residence time in the DAF tank and causes the collision and attachment to become 
inefficient as agreed by Edzwald, (1995). Most of the oil droplets flowed directly into the effluent 
tank with clarified water without colliding with the air bubbles. This concurs with the results 
produced by Hanafy & Nabih, (2007). The oil removal efficiencies were decreased from 83% to 
60% when the influent flow rates were increased from 4 to 16 L/min. 
There was not much difference in oil droplet removal efficiency at 25 and 30 L/min. This is 
because the flow rate exceeded the maximum recommended hydraulic loading rate of the DAF 
tank. It can be concluded that the DAF used in this experimental project was inefficient when the 
hydraulic loading rate was higher than 7.3 m/hr.  
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Fig. 5.29 shows the effect of the mixture flow rates into the DAF tank (Q2) while other 
parameters were kept constant and differentiated by lamp oil droplet size. The highest oil droplet 
removal efficiency was obtained from the run with the slowest flow rate, 10 L/min. The run of 30 
L/min shows the lowest removal efficiencies between 0% and 20%. The average oil droplet 
removal efficiencies at Coil(in) 0.1% for flow rates 10, 15, 20, 25 and 30 L/min were found to be 
37.3%, 36.1%, 31.7%, 27.2% and 10.4%, respectively.  
In Fig. 5.30, the best removal efficiency obtained from the lowest mixture flow rate. Although 
the patterns of the results look the same, the average oil droplet removal efficiencies at Coil(in) 0.2% 
for flow rates 10, 15, 20, 25 and 30 L/min were found to be 32.8%, 30.3%, 28.9%, 25.4% and 
11.7%, respectively. These were lower than the removal efficiency obtained by Coil(in) 0.1% due to 
the higher inlet oil concentration as mention in Section 5.1. This caused more oil droplets went to 
effluent without attach with the air bubbles.  
 For graphs in Fig. 5.29 and Fig. 5.30, no oil droplets detected after 40 µm for 30 L/min due to 
the higher flow rate. It was presumed that the oil droplets were entrained in the higher rate of 
discharge flow. It can be seen that at lower flow rate, the removal efficiencies were down to 
negative values due to the coalescence of oil droplets where more numbers of bigger oil droplets 
detected in the outlet than inlet.  
 
Fig. 5.29 The effect of mixture flow rates based on the different lamp oil droplet size at 
Coil(in) 0.1% 
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.  
Fig. 5.30 The effect of mixture flow rates based on the different lamp oil droplet size at 
Coil(in) 0.2% 
A similar pattern of removal efficiencies from lamp oil experiments can be seen for the 
vegetable oil (Refer to Fig. 5.31 and Fig. 5.32) except the all postive removal efficiencies. 
Although the run of 15 L/min looks better than 10 L/min. At 25 L/min, the removal efficiencies 
for veg. oil at Coil(in) approximately 0.1% were a bit higher than 0.2%. This was of course due to 
the lower inlet oil concentration as discussed in Section 5.1. However, the entire removal 
efficiencies lie below 50%.  
The lowest oil droplet removal efficiency was obtained from the run at 30 L/min flow rate into 
the DAF tank. The average oil droplet removal efficiencies at Coil(in) 0.1% for flow rates 10, 15, 
20, 25 and 30 L/min were found to be 76.6%, 71.1%, 64.8%, 37.0% and 11.6%, respectively. The 
average oil droplet removal efficiencies at Coil(in) 0.2% for flow rates 10, 15, 20, 25 and 30 L/min 
were found to be 52.1%, 51.8%, 45.4%, 22.6% and 10.1%, respectively. 
The highest flow rate obtained the lowest oil droplet removal efficiency was because of the low 
residence time of oil droplets in the DAF tank  as agreed by Edzwald and Haarhoff, (2012). They 
suggested that this causes more oil droplets went straight to the effluent without collide and attach 
with the air bubbles. Therefore, a higher number of oil droplets at the outlet sample valve were 
collected. From these investigations, it shows that the oil droplet removal efficiencies were not 
affected by the flow rates of the mixture to the static mixer (Q1). What matters here was the flow 
rate of the mixture into the DAF flotation tank (Q2). This phenomenon is associated with the 
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residence time of oil droplets in the flotation tank and also associated with the downwards drag of 
continuous phase on the droplets/agglomerates 
 
Fig. 5.31 Mixture flow rate effect based on the different Veg. oil droplet size at Coil(in) 0.1% 
 
Fig. 5.32 Mixture flow rate effect based on the different Veg. oil droplet size at Coil(in) 0.2% 
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6 CORRELATION** 
The main purpose of this chapter was to propose a correlation that can be used to predict 
removal efficiency of oil droplet. This correlation is suitable to predict the removal efficiency if 
the similar set of parameter used in the investigation. Two sets of correlation have been attempted 
and only one that has a lower root mean square of error will be proposed as a main correlation.  
6.1 Dimensional Analysis 
Dimensional analysis is a technique used to determine the key non-dimensional parameters that 
are able to reduce the number of experiments required and suggests a better scale for relevant 
parameters so that the experiments conducted are representative of the full-scale problem (Fluid 
Mechanics 2 Lecture Notes, 2012). The apparatus used in this experimental project is a scale model 
of an industrial DAF tank. Therefore, the dimensional analysis offered an efficient consolidation 
of the data prior to correlation and was carried out using Buckingham’s Pi (π) and scaling methods. 
First, this involved identification of parameters that affect oil droplet removal efficiency from 
the literature and the experiments reported in this dissertation. This consist of one non-dimensional 
parameter, which is inlet oil concentration Coil(in) and nine dimensional and parameters which are 
viscosity 𝜇, spreading coefficient 𝑆𝑜, saturator pressure 𝑃, ionic strength 𝐼𝑠, Sauter mean diameter 
𝑑32 of the oil droplets entering DAF unit (See Eq. 6.1), horizontal velocity of the fluid 𝑢𝑚, density 
of continuous phase 𝜌𝑐, density of oil 𝜌𝑜 and length of the tank 𝐿. The repeating variables used in 
this analysis are 𝜌𝑐, 𝑢𝑚, and 𝐿, which by the requirement for geometrical similarity is related to 
all other length scales to do with the design of the tank. The three fundamentals dimensions are 
mass (M), length (L), and time (T).  
The results of the dimensional analysis concluded that the removal efficiency in this experiment 
is a function of eight other dimensionless groups, which are ratio of inlet oil and mixture flow 
rate  𝐶𝑜𝑖𝑙(𝑖𝑛), ionic strength ratio of coagulant/salty water over sea water  𝐼𝑟  (ionic strength is 
calculated using Eq. 6.2), pressure ratio of DAF over atmospheric pressure 𝑃𝑟, ratio of spreading 
                                                 
** Part of this section has been published in Chemical Engineering Research and Design. The title of the manuscript 
is ‘Removal of Fine Oil Droplets from Oil-in-Water Mixtures by Dissolved Air Flotation’. 
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coefficient of mixture over surface tension of water-air 𝑆𝑟, density ratio of oil over continuous 
phase 𝜌𝑟 , Reynolds number 𝑅𝑒, ratio of Sauter mean diameter over the length of the flotation 
tank 𝑑32/𝐿 and recycle ratio 𝑅𝑟. This can be explained in mathematical form as Eq. 6.3. 
𝒅𝟑𝟐 =
𝒅𝒐
𝟑
𝒅𝒐𝟐
 
Eq. 6.1 
𝐼𝑠 =
1
2
∑ 𝐶𝑖𝑍𝑖
2
𝑛
𝑖=1
 
Eq. 6.2 
Here, 𝐶𝑖 and 𝑍𝑖 are molar concentration of any ion in a solution and charge number of that ion, 
respectively.  
𝑬 = 𝒇(𝑪𝒐𝒊𝒍(𝒊𝒏), 𝑰𝒓, 𝑷𝒓, 𝑺𝒓, 𝝆𝒓, 𝑹𝒆, 𝒅𝟑𝟐/𝑳, 𝑹𝒓) Eq. 6.3 
6.2 Multiple Regression 
Not all the experimental data were included in the multiple regression. Those not used were the 
experimental data of vegetable oil conducted at 25 L/min and 30 L/min, and lamp oil at 30 L/min 
of the flow rate into the DAF tank. This was because the removal efficiencies of oil droplet from 
these experiments deviated from the linear trend of the data (Refer to Fig. 5.28), which are 
unacceptable.  
6.3 Linear Correlation 
A linear correlation for overall oil droplet removal efficiency 𝐸  was obtained by Analysis 
ToolPak option in Microsoft Excel®. It was decided to correlate the data by linear regression, 
because it was the simplest way to fit the data, and has the minimum number of parameters to be 
determined, thus conforming Ockham’s razor and because most of the data in the graph given in 
Chapter 5 and 6 appear Linear. This expresses in the mathematical form as Eq. 6.4. 
𝑬 = 𝛟 + 𝜶𝑪𝒐𝒊𝒍(𝒊𝒏) +  𝜷𝑰𝒓 + 𝜹𝑷𝒓 + 𝝍𝑺𝒓 + 𝝃𝝆𝒓 + 𝛗𝐑𝐞 +
𝛀𝐝𝟑𝟐
𝐋
+ 𝛘𝑹𝒓 
Eq. 6.4 
The data for the multiple regression of linear correlation can be seen from Table A 87 at 
Appendix B. From the regression, the value of each fitting coefficient was estimated as, 𝜙= -1.58, 
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𝛼=-1.02, 𝛽= 2.66×10-1, 𝛿= 4.03×10-2, 𝜓= 1.02×10-1, 𝜉= 2.03, 𝜑=3.51×10-4, 𝛺= -1.43×103 and 
χ=-8.05× 10−1 
However for physically real values of the variables, Eq. 6.4 can predict removal efficiencies 
outside the range zero and one, which is unrealistic. They were a total of 42 sets of data, but only 
sets 20 and 34 are discussed in this chapter. These conditions were selected because the oil droplet 
removal efficiency of linear correlation plotted in both sets were found to be lower than zero when 
high inlet oil concentration was used and greater than 1 for Coil(in) ≥ 0%. Although only one 
experimental data obtained from run 20, the linear correlation can predict the oil droplet removal 
efficiency to be 1.01 at Coil(in) of approximately 0.0001%. At Coil(in) = 0.35% the oil droplet removal 
efficiency was found to be -0.06 for run 34. These are shown in Fig. 6.1. There is nothing in the 
form Eq. 6.4 of to prevent predicts the efficiency lying outside the range zero to one. The 
remaining graphs of the linear correlation can be found in Appendix B. 
   
Fig. 6.1 Linear correlation of Set 20 and 34 of which obtained the oil droplet removal 
efficiency obtained outside the range 0 to 1 
6.4 Hyperbolic Tangent Correlation 
In order to force the correlation to always predict the removal efficiency within the range of zero 
to one, the inverse hyperbolic tangent was applied to the experimental data, and the resulting data sets 
are subjected to the multiple linear regression. According to Weisstein, (2015a), this mathematical 
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formulation predicts the hyperbolic tangent to be in the region between -1 and 1. It is shown in Fig. 
6.2.  
 
Fig. 6.2 Figure of hyperbolic tangent, which 𝒕𝒂𝒏𝒉 𝒙 lie between -1 and 1 (Weisstein, 2015a) 
Each experimental removal efficiency value transformed to a ‘𝑦’ value (See Eq. 6.5). The 
regression used for the hyperbolic tangent correlation involved with the same number of 
coefficients to the previous correlation. 
𝒕𝒂𝒏𝒉−𝟏 (
𝑬 − 𝟏
𝟐
) = 𝒚 
Eq. 6.5 
6.5 Inverse Hyperbolic Tangent (IHT) Correlation 
In order to predict efficiencies within 0 to 1and not -1 to 1, Eq. 6.6 was used in the regression.  
𝒕𝒂𝒏𝒉−𝟏𝟐[𝑬 − 𝟏] = 𝒚 Eq. 6.6 
Oil droplet removal efficiency 𝐸, used in Eq. 6.6 is in the form of fraction instead of percentage. 
The data for the inverse hyperbolic tangent can be seen from Table A 89 at Appendix B The new 
coefficients were calculated also using data analysis tool in Microsoft Excel as 𝜙= -4.44, 𝛼= -2.42, 
𝛽 = 6.17×10-1, 𝛿 = 9.94×10-2, 𝜓= 4.55×10-1, 𝜉 = 4.10, 𝜑= 8.43×10-4, 𝛺 = -5.29×103 and χ 
=2.15They are used in Eq. 6.7. 
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𝒕𝒂𝒏𝒉−𝟏 𝟐[𝑬 − 𝟏]
= 𝛟 + 𝜶𝑪𝒐𝒊𝒍(𝒊𝒏) +  𝜷𝑰𝒓 + 𝜹𝑷𝒓 + 𝝍𝑺𝒓 + 𝝃𝝆𝒓 + 𝛗𝐑𝐞 +
𝛀𝐝𝟑𝟐
𝐋
+ 𝛘𝑹𝒓 
Eq. 6.7 
According to Fig. 6.3, the inverse hyperbolic predicts the efficiency −∞ → +∞, which is still 
unrealistic. There is nothing in Eq. 6.7 can be changed to predict removal efficiency in a range 0 
to 1. 
 
Fig. 6.3 Inverse hyperbolic tangent which predicts the efficiency −∞ → +∞ (Weisstein, 
2015b) 
This could be verified by looking at Fig. 6.4. Another reason is y-axis represented tanh 𝑥−1 
instead of oil droplet removal efficiency 𝐸.  
  
Fig. 6.4 Inverse hyperbolic tangent of Set 20 and 34 
-0.1
0.1
0.3
0.5
0.7
0.9
1.1
1.3
1.5
0.00 0.10 0.20 0.30
ta
n
h
-1
(2
E-
1
)
Coil(in) (%)
(20) 4 barg, Veg. oil + Tap water + Alum 
2.5 g/L
IHT Regression
-1.5
-1.0
-0.5
0.0
0.5
1.0
0.00 0.05 0.10 0.15 0.20 0.25
ta
n
h
-1
(2
E-
1
)
Coil(in) (%)
(34) No DAF, Lamp oil+ Tap water
IHT Regression
Aliff Radzuan Mohamad Radzi  Chapter 6 
 102 
6.6 Inverse Hyperbolic Tangent Transformation (IHTT) 
To obtain a prediction of oil droplet removal efficiency, Eq. 6.7 was rearranged as Eq. 6.8. The 
oil droplet removal efficiency via the inverse hyperbolic tangent transformation was predicted 
using Eq. 6.9.  
𝟐[𝑬 − 𝟏] = 𝒕𝒂𝒏𝒉 [ 𝛟 + 𝜶𝑪𝒐𝒊𝒍(𝒊𝒏) +  𝜷𝑰𝒓 + 𝜹𝑷𝒓 + 𝝍𝑺𝒓 + 𝝃𝝆𝒓 + 𝛗𝐑𝐞 +
𝛀𝐝𝟑𝟐
𝐋
+ 𝛘𝑹𝒓] 
Eq. 6.8 
𝑬 =
𝟏
𝟐
[𝟏 + 𝒕𝒂𝒏𝒉 [ 𝛟 + 𝜶𝑪𝒐𝒊𝒍(𝒊𝒏) +  𝜷𝑰𝒓 + 𝜹𝑷𝒓 + 𝝍𝑺𝒓 + 𝝃𝝆𝒓 + 𝛗𝐑𝐞 +
𝛀𝐝𝟑𝟐
𝐋
+ 𝛘𝑹𝒓]] 
Eq. 6.9 
Eq. 6.9 has successfully predicted the removal efficiencies of oil only in the range zero to one. 
Eq. 6.9 cannot predict any removal efficiency to be more than one if Coil(in) ≥0 nor less than zero 
if a high Coil(in) is used. Therefore, it was used to predict the overall oil droplet removal efficiency 
for the DAF experiments. Fig. 6.5 shows the inverse hyperbolic tangent transformation predictions 
for the same experimental sets as were used before. The remaining set of inverse hyperbolic 
tangent transformation is shown in Appendix B. 
   
Fig. 6.5 IHTT of Set 20 and 34. Both predictions obtained the acceptable oil droplet 
removal efficiencies, which are in the range 0 to 1. 
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6.7 Root Mean Square Error 
Root mean square error was calculated in order to investigate the relative merits between the 
results obtained from linear correlation and inverse hyperbolic tangent transformation. Although 
inverse hyperbolic tangent transformation can predict efficiency only between 0 and 100%, the 
method is not unambiguously acceptable if it has a bigger value of root mean square error than 
linear correlation. 
Root mean square error was calculated by measuring the sum of squared error (𝑆𝑆𝐸) for each 
set of experiments first. Sum of squared errors defined as the discrepancy of the results obtained 
from the experiments and an estimation values derived from the regression method. This can be 
mathematical expressed as Eq. 6.10. 
𝑺𝑺𝑬 = ∑(𝒚𝒊 − 𝒇(𝒙𝒊))
𝟐
𝒏
𝒊=𝟏
 
Eq. 6.10 
𝑦𝑖 is the measured value from the experiment and 𝑓(𝑥𝑖) is the predicted value from the multiple 
regression model. 𝑓(𝑥𝑖) for linear regression and multiple regression are similar to Eq. 6.4 and 
Eq. 6.9 respectively. Root mean square error measures the average deviation of data from 
prediction. This can be obtained using Eq. 6.11. 
𝑹𝑴𝑺𝑬 = √
𝑺𝑺𝑬
𝒏
 
Eq. 6.11 
𝑛 is the number of set of experiments involved.  
A root mean square error for linear correlation and inverse hyperbolic tangent transformation 
were 6.4% and 5.4%. It can be seen from Fig. 6.6 that better data point from the IHTT correlation 
located closer to the trendline than linear correlation. The full results of the experiments Vs. 
predicted removal efficiencies can be seen from Table A 88 for linear correlation Table A 90 for 
inverse hyperbolic tangent at Appendix B. This shows that the method of inverse hyperbolic 
tangent transformation is preferred as it obtained a lower root mean squared error. Furthermore, 
the inverse hyperbolic tangent transformation method (Eq. 6.9) was better  because the removal 
efficiency could only be obtained in a range 0-100%. 
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Fig. 6.6 The difference of removal efficiencies between experimental and predicted value 
for (a) linear correlation and (b) inverse hyperbolic tangent transformation (IHTT) 
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7 CONCLUSIONS AND 
RECOMMENDATIONS 
7.1 Conclusions 
From the experimental study conducted and discussed in Chapter 5 and 6, it can be revealed 
that the used of DAF has significantly improved the removal efficiency of vegetable and 
mineral oil droplets from oil-in-water mixtures. The improvement of the removal efficiency 
was found to depend on the seven other operational parameters tested. They are the inlet oil 
concentration, the air saturator pressure, the temperature, the salinity of continuous phase, the 
type of oil, the coagulant dosage, and the flow rate of the mixture into DAF tank. 
The oil droplets were separated from the oil-in-water mixtures in a DAF tank. The DAF 
tank located at the University of Surrey was a scale model of existing DAF unit used by Thames 
Water plc. The results presented elsewhere in this thesis shown that the oil droplets, which 
diameter in a range 15 to 80 μm have been successfully removed in the DAF tank before carried 
out with the effluent.  
A static mixer was used to break up the oil droplet to be in a diameter range of 15 to 80 μm. 
From the investigations, most of the experiments conducted with vegetable oil produced a 
wider droplet size distribution. The oil droplets could be detected up to 80 μm. This caused by 
the oil droplet break-up from the static mixer with further break-up due to the turbulence from 
in the pipe. The experiments conducted with the lamp oil had a narrower droplet size 
distribution than vegetable oil. The maximum lamp oil droplets were detected up to 70 μm.  
Two independent methods have been used to analyse the performance of the DAF unit. Oil-
in-water measuring method estimated the removal efficiency using the value of absorbance 
light while droplet counting method used a number of oil droplets that passed through the 
aperture. Although the droplet counting method seems to underestimate the FastHEX removal 
efficiency of approximately 5%, the removal efficiencies were agreed with each other.   
The inlet oil concentration to the DAF tank has an effect on the removal efficiency. The 
maximum of three inlet oil concentrations tested in these experiments obtained different oil 
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droplet removal efficiencies. They were found to increase with decreasing inlet oil 
concentration, which confirms the results obtained by Abia-Biteo Belope, (2010); Hanafy and 
Nabih, (2007) No DAF, 3 barg and 4 barg of air saturator pressures were applied to the system. 
Experiments conducted at 4 barg produced the best removal efficiency compared to the 
experiments carried out at 3 barg and No DAF. The temperature of the continuous phase did 
not show a significant effect on the oil droplet removal efficiency from an oil-in-water mixture, 
even though the viscosity of the oil changed significantly at the higher temperature. The 
experiments using vegetable and lamp oil obtained a higher oil droplet removal efficiency when 
the continuous phase was heated to 35 °C, compared to an ambient temperature.  
The addition of salt to the process tended to improve the oil droplet removal efficiency. 
Experiments with 3.5% by concentration of saline water produced a better oil droplet removal 
efficiency performance compared to the separation of oil droplets from tap water. The samples 
that were analysed using the droplet counting method revealed the following significant results. 
First, it was shown that the coalescence of oil droplets occurred in the lamp oil when they were 
in the larger size. The coalescence was indicated by the negative removal efficiency of oil 
droplets in the higher size range. Second, it exhibited that the better oil droplet removal 
efficiencies were obtained in the range 45-50 μm. However, this only occurred in the 
experiments with the presence of DAF. Next, this method showed that the Coulter Counter 
managed to trace the vegetable oil droplets up to the range of 75-80 μm, but 65-70 μm for the 
lamp oil droplets.  
The removal efficiencies also have been improved by the aid of a coagulant (alum solution). 
From the experiments conducted, the removal efficiencies are increased with increasing 
coagulant dosage. This was partly caused by the increased of interfacial tension of the oil-water 
hence increased the surface tension. However, a higher dosage of coagulant is not advisable as 
it is not economically viable for the separation process and dangerous to aquatic life. The last 
parameter investigated in these DAF experiments was the impact of the flow rate of the mixture 
into DAF tank. It showed that the removal efficiencies were decreased with increased flow rate 
due to the lower oil droplet residence time in the DAF tank.  
The dimensional analysis was conducted using Buckingham’s Pi (π) method for one non-
dimensional and nine-dimensional parameters, and the removal efficiency of oil droplets was 
found to be a function of eight dimensionless groups ( 𝐶𝑜𝑖𝑙, 𝐼𝑟 , 𝑃𝑟 , 𝑆𝑟 ,  𝜌𝑟 , 𝑅𝑒,
𝑑32
𝐿
, 𝑎𝑛𝑑 𝑅𝑟) and 
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the experimental data has been subjected to multivariable linear regression. Linear regression 
correlation was found to have a root mean square error of 6.4% but predicts some the oil droplet 
removal efficiencies less than zero or greater than one. The inverse hyperbolic tangent 
transformation was attempted and succeeded in predicting the oil droplet removal efficiencies 
in a range of zero to one with a lower root mean square error of 5.4%. Therefore, the correlation 
of the experimental data was better with the inverse hyperbolic tangent transformation than 
with the linear regression. This correlation strictly only applies to DAF tank geometrically 
similar to the one used in these experiments.   
7.2 Recommendations 
Several changes or enhancement could be made to the experiments. These could either 
improve or worsen the performance of the DAF. The future recommendations for the changes 
can be divided into two categories. Firstly, the operating parameters could be involved. These 
could be either to extend the range of the single operating parameter or to investigate more 
operating parameters. Second the current analyses methods could be compared with the 
common method used in industry.  
For the first recommendation, it would be useful to increase the temperature of the 
continuous phase to above 35 °C, due to there not being much difference in the oil droplet 
removal efficiency. The temperature should mimic the temperature of the oil-based process. 
Even though only a small amount of oil is mixed with the feed water, it would be useful to 
measure the temperature of the mixture in the tank.  
Next, it would be more beneficial if the experiment could be conducted using oily waste 
water from industry such as from palm oil plants and oil refineries. Hence, the reliability of the 
DAF in removing fine oil droplets could be tested. For this case, a scale model of gravity 
separator could be installed before the DAF unit to remove the bigger oil droplets (>100 μm) 
before the waste water that needs to be treated flows into the DAF tank.  
Most of the previous DAF investigations recycled a portion of clarified water to dissolve 
with air before reintroduced into the tank. Hence, it becomes more cost effective, instead of 
using clean water from the water supplier. However, the clarified water has to be clean enough 
to flow into the air saturator to avoid it being damaged. In the future experiments, it could be 
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beneficial if a portion of clarified water from the DAF tank could be recycled to dissolve with 
air.  
The second recommendation is related to the types of analysis. It would be beneficial if 
some common water analysis method such as Chemical Oxygen Demand (COD), Biological 
Oxygen Demand (BOD), and Total Dissolved Solids (TDS) could be performed. Then, the 
removal efficiency of oil droplet obtained from these methods could be compared with the oil-
in-water measuring method and oil droplet counting method. 
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APPENDIX A†† 
UV-Vis Calibration  
Table A 1 and Table A 2 present the average absorbance value for different concentrations of 
oil in Hexane at three different wavelengths. It is calculated using Eq. 4.17. 
?̅? =
∑ 𝒂𝒊
𝒏
 
Eq. 4.17 
Table A 1 Results of the UV-Vis spectrometer at the different wavelengths: 300, 400 and 
500 nm, based on the concentration of vegetable oil in Hexane 
 300 nm 400 nm 500 nm 
Concentration 
of oil in 
Hexane (%)  
Average 
Absorbance  
Average 
Absorbance  
Average 
Absorbance  
0 0.22 0.040 0.040 
5 2.66 0.090 0.047 
10 2.98 0.158 0.049 
15 3.02 0.211 0.069 
20 3.04 0.245 0.086 
25 2.99 0.279 0.054 
30 3.04 0.363 0.095 
35 3.04 0.392 0.082 
40 3.07 0.461 0.096 
50 3.07 0.524 0.072 
100 3.06 0.979 0.130 
 
  
                                                 
†† Part of this section has been published in Chemical Engineering Research and Design. The title of the manuscript 
is ‘Removal of Fine Oil Droplets from Oil-in-Water Mixtures by Dissolved Air Flotation’. 
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Table A 2 The full results of the UV-Vis spectrometer at different wavelengths: 300, 400 
and 500 nm, based on the concentration of lamp oil in Hexane 
 300 nm 400 nm 500 nm 
Concentration 
of oil in 
Hexane (%)  
Average 
Absorbance  
Average 
Absorbance  
Average 
Absorbance  
0 0.22 0.021 0.041 
5 2.67 0.081 0.042 
10 2.82 0.143 0.046 
15 2.85 0.175 0.047 
20 2.88 0.220 0.057 
25 2.89 0.243 0.054 
30 2.90 0.259 0.061 
35 2.94 0.336 0.056 
40 2.95 0.385 0.069 
50 2.96 0.463 0.070 
100 3.06 0.848 0.848 
UV-Vis Calibration at 400 Nm  
Table A 3 and Table A 4 show the absorbance reading for taken three times at 400 nm of 
wavelength and the standard error of estimate. Here it indicates that the absorbance reading 
obtained by the Uv-Vis were precise.  
Table A 3 Vegetable oil / hexane calibration readings at 400 nm 
400nm 
Oil in Hexane (%)  𝒂𝟏 𝒂𝟐 𝒂𝟑 ?̅? 𝝈𝒆 
0 0.040 0.040 0.041 0.040 0.03% 
5 0.088 0.090 0.092 0.090 0.14% 
10 0.155 0.162 0.158 0.158 0.20% 
15 0.210 0.213 0.211 0.211 0.09% 
20 0.243 0.245 0.247 0.245 0.12% 
25 0.280 0.276 0.280 0.279 0.13% 
30 0.365 0.361 0.363 0.363 0.12% 
35 0.391 0.391 0.394 0.392 0.10% 
40 0.459 0.463 0.462 0.461 0.12% 
50 0.521 0.525 0.527 0.524 0.18% 
100 0.981 0.978 0.979 0.979 0.09% 
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Table A 4 Lamp oil / hexane calibration readings at 400 nm 
400nm 
Oil in Hexane (%)  𝒂𝟏 𝒂𝟐 𝒂𝟑 ?̅? 𝝈𝒆 
0 0.021 0.020 0.021 0.021 0.03% 
5 0.080 0.0811 0.0811 0.081 0.04% 
10 0.141 0.143 0.144 0.143 0.09% 
15 0.177 0.174 0.173 0.175 0.12% 
20 0.221 0.220 0.220 0.220 0.03% 
25 0.242 0.245 0.243 0.243 0.09% 
30 0.257 0.258 0.261 0.259 0.12% 
35 0.335 0.336 0.336 0.336 0.03% 
40 0.383 0.388 0.385 0.385 0.15% 
50 0.463 0.464 0.463 0.463 0.03% 
100 0.849 0.846 0.848 0.848 0.09% 
Coulter Counter Calibration with 100nm Aperture 
Table A 5 The calibration of a 100 µm aperture tube in a Coulter Counter using 10 µm 
Latex Beads 
do Range (μm) Number Vi (µm3) Vf (%) 
3-5 200 53,623 0.3 
5-7 381 344,765 1.8 
7-9 1,169 2,507,433 12.9 
9-11 3,000 12,568,000 64.9 
11-13 301 2,178,990 11.3 
13-15 91 1,046,093 5.4 
15-17 32 549,104 2.8 
17-19 4 114,939 0.6 
Total 5178 19,362,948 100 
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Identification of Undissolved Particles Using Coulter Counter 
Table A 6 Run 1 of undissolved particles at the inlet and outlet of the DAF tank 
Inlet to DAF Outlet from DAF 
do Range 
(μm) 
Number 
Volume 
(μm3) 
Vf 
(%) 
Number 
Volume 
(μm3) 
Vf 
(%) 
15-20 1148 3,221,892 34.8 621 1,742,853 37.3 
20-25 622 3,710,162 40.1 351 2,093,677 44.8 
25-30 120 1,306,876 14.1 42 457,406 9.8 
30-35 35 629,177 6.8 11 197,741 4.2 
35-40 9 248,537 2.7 5 138,076 3.0 
40-45 2 80,399 0.9 1 40,200 0.9 
45-50 1 56,122 0.6 0 0 0.0 
50-55       
Total  1,937 9,253,165 100 1,031 4,669,953 100 
 
Table A 7 Run 2 of undissolved particles at the inlet and outlet of the DAF tank 
Inlet to DAF Outlet from DAF 
do Range 
(μm) 
Number 
Volume 
(μm3) 
Vf 
(%) 
Number 
Volume 
(μm3) 
Vf 
(%) 
15-20 1452 4,075,076 50.5 821 2,304,158 48.1 
20-25 425 2,535,079 31.4 299 1,783,502 37.2 
25-30 85 925,704 11.5 41 446,516 9.3 
30-35 14 251,671 3.1 9 161,788 3.4 
35-40 4 110,461 1.4 2 55,230 1.2 
40-45 3 120,599 1 1 40,200 0.8 
45-50 1 56,122 1 0 0 0.0 
50-55       
Total  1,984 8,074,711 100 1,173 4,791,395 100 
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The Effects of Static Mixer 
Table A 8 Droplet size distribution of veg. oil without the static mixer  
Inlet to DAF 
 Run V1 Run V2  
do Range 
(μm) 
Number 
Volume 
(µm3) 
Vf 
(%) 
Number 
Volume 
(µm3) 
Vf 
(%) 
Avg 
 Vf (%) 
15-20 1579 4431505 15.3 1632 4580251 20.3 17.8 
20-25 591 3525250 12.2 626 3734022 16.6 14.4 
25-30 306 3332533 11.5 246 2679095 11.9 11.7 
30-35 144 2588615 8.9 123 2211109 9.8 9.4 
35-40 109 3010061 10.4 83 2292064 10.2 10.3 
40-45 56 2251178 7.8 30 1205988 5.4 6.6 
45-50 37 2076527 7.2 35 1964282 8.7 8.0 
50-55 26 1970181 6.8 11 833538 3.7 5.3 
55-60 8 796432 2.8 5 497770 2.2 2.5 
60-65 8 1022786 3.5 1 127848 0.6 2.1 
65-70 4 644208 2.2 0 0 0.0 1.1 
70-75 3 598674 2.1 1 199558 0.9 1.5 
75-80 11 2681345 9.3 9 2193828 9.7 9.5 
Total 2882 28929294 100 2802 22519352 100 100 
 
Table A 9 Droplet size distribution of veg. oil droplet with the static mixer 
Inlet to DAF 
 Run V1 Run V2  
do Range 
(μm) 
Number 
Volume 
(µm3) 
Vf 
(%) 
Number 
Volume 
(µm3) 
Vf (%) 
Avg 
 Vf (%) 
15-20 16545 46433973 16.1 15377 43155951 11.9 14.0 
20-25 6109 36436534 12.6 7566 45127380 12.5 12.5 
25-30 3358 36565291 12.6 3870 42141294 11.7 12.2 
30-35 2073 37256285 12.9 2362 42451492 11.7 12.3 
35-40 1233 34035776 11.8 1421 39227440 10.9 11.3 
40-45 729 29285408 10.1 966 38812713 10.7 10.4 
45-50 393 22056079 7.6 543 30474430 8.4 8.0 
50-55 251 19019827 6.6 412 31219796 8.6 7.6 
55-60 129 12842459 4.4 228 22698299 6.3 5.4 
60-65 69 8821533 3.1 129 16492432 4.6 3.8 
65-70 32 5153666 1.8 50 8052602 2.2 2.0 
70-75 5 997790 0.3 6 1197347 0.3 0.3 
75-80 1 243759 0.1 1 243759 0.1 0.1 
Total 30927 289148380 100 32929 361294935 100 100 
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Comparison of the Volume Fraction of Oil Collected From the Valve and 
the Distributor 
Table A 10 Volume fraction Vf (%) of lamp oil droplets collected from the valve at Coil(in) 
(%) = 0.1 % 
Inlet to DAF 
 RUN V1 RUN V2  
do Range 
(μm) 
Number 
Volume 
(µm3) 
Vf 
(%) 
Number 
Volume  
(µm3) 
Vf 
(%) 
Avg 
 Vf (%) 
15-20 3512 9856519 36.6 3221 9039820 30.8 33.7 
20-25 1125 6710502 24.9 1564 9329089 31.8 28.4 
25-30 422 4595846 17.1 460 5009690 17.1 17.1 
30-35 146 2624568 9.7 221 3972805 13.5 11.7 
35-40 90 2485371 9.2 61 1684529 5.7 7.5 
40-45 10 401996 1.5 6 241198 0.8 1.2 
45-50 3 168367 0.6 1 56122 0.2 0.4 
50-55 1 75776 0.3 0 0 0.0 0.1 
55-60        
60-65        
65-70        
Total 5309 26918946 100 5534 29333254 100 100 
 
Table A 11 Volume fraction Vf (%) of lamp oil droplets collected from the valve at Coil(in) 
(%) = 0.2 % 
Inlet to DAF 
 RUN V1 RUN V2  
do Range 
(μm) 
Number 
Volume 
(µm3) 
Vf 
(%) 
Number 
Volume 
(µm3) 
Vf 
(%) 
Avg 
 Vf (%) 
15-20 4197 11778989 31.8 4208 11809862 34.6 33.2 
20-25 1996 11905921 32.1 1770 10557856 30.9 31.5 
25-30 763 8309551 22.4 609 6632394 19.4 20.9 
30-35 212 3811017 10.3 184 3307675 9.7 10.0 
35-40 41 1132225 3.1 57 1574068 4.6 3.8 
40-45 2 80399 0.2 6 241198 0.7 0.5 
45-50 1 56122 0.2 1 56122 0.2 0.2 
50-55        
55-60        
60-65        
65-70        
Total 7212 37074225 100 6835 3417917 100 100 
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Table A 12 Volume fraction Vf (%) of lamp oil droplets collected from the distributor at 
Coil(in) (%) = 0.1 % 
Inlet to DAF 
 RUN D1 RUN D2  
do Range 
(μm) 
Number 
Volume 
(µm3) 
Vf 
(%) 
Number 
Volume 
(µm3) 
Vf 
(%) 
Avg 
 Vf (%) 
15-20 2248 6309071 36.8 1685 4728996 31.6 34.2 
20-25 781 4658580 27.2 734 4378230 29.2 28.2 
25-30 280 3049376 17.8 246 2679095 17.9 17.8 
30-35 114 2049320 11.9 110 1977414 13.2 12.6 
35-40 38 1049379 6.1 25 690381 4.6 5.4 
40-45 1 40200 0.2 4 160798 1.1 0.7 
45-50    1 56122 0.4 0.2 
50-55    4 303105 2.0 1.0 
55-60        
60-65        
65-70        
Total 3462 17155925 100 2809 14974142 100 100 
 
Table A 13 Volume fraction Vf (%) of lamp oil droplets collected from the distributor at 
Coil(in) (%) = 0.2 % 
Inlet to DAF 
 RUN D1 RUN D2  
do Range 
(μm) 
Number 
Volume 
(µm3) 
Vf 
(%) 
Number 
Volume 
(µm3) 
Vf 
(%) 
Avg 
 Vf (%) 
15-20 2841 7973340 33.3 2614 7336259 32.8 33.0 
20-25 1188 7086290 29.6 1112 6632958 29.6 29.6 
25-30 487 5303737 22.1 457 4977018 22.2 22.2 
30-35 152 2732427 11.4 131 2354921 10.5 11.0 
35-40 30 828457 3.5 31 856072 3.8 3.6 
40-45 1 40199 0.2 6 241198 1.1 0.6 
45-50        
50-55        
55-60        
Total 4699 23964451 100 4351 22398426 100 100 
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Table A 14 Volume fraction Vf (%) of veg. oil droplets collected from the valve at Coil(in) 
(%) = 0.1%  
Inlet from DAF 
 RUN V1 RUN V1  
do Range 
(μm) 
Number 
Volume 
(µm3) 
Vf 
(%) 
Number 
Volume 
(µm3) 
Vf 
(%) 
Avg 
 Vf (%) 
15-20 4039 11335559 18.9 4174 11714440 18.9 18.9 
20-25 1815 10826276 18.0 1627 9704877 15.7 16.9 
25-30 918 9997599 16.7 756 8233316 13.3 15.0 
30-35 497 8934318 14.9 406 7298457 11.8 13.3 
35-40 248 6848578 11.4 280 7732266 12.5 12.0 
40-45 140 5627944 9.4 148 5949541 9.6 9.5 
45-50 61 3423463 5.7 84 4714276 7.6 6.7 
50-55 29 2197510 3.7 49 3713034 6.0 4.8 
55-60 7 696878 1.2 20 1991079 3.2 2.2 
60-65 1 127848 0.2 6 767090 1.2 0.7 
65-70        
Total 7755 60015972 100 7550 61818375 100 100 
Table A 15 Volume fraction Vf (%) of veg. oil droplets collected from the valve at Coil(in) 
(%) = 0.2% 
Inlet to DAF 
 RUN V1 RUN V1  
do Range 
(μm) 
Number 
Volume 
(µm3) 
Vf 
(%) 
Number 
Volume 
(µm3) 
Vf 
(%) 
Avg 
 Vf (%) 
15-20 6557 18402391 18.7 6202 17406075 19.2 19.0 
20-25 2596 15484856 15.7 2768 16510817 18.2 17.0 
25-30 1192 12981631 13.2 1229 13384585 14.8 14.0 
30-35 707 12709382 12.9 631 11343168 12.5 12.7 
35-40 460 12703008 12.9 387 10687096 11.8 12.3 
40-45 265 10652894 10.8 211 8482115 9.4 10.1 
45-50 127 7127537 7.2 125 7015292 7.8 7.5 
50-55 65 4925453 5.0 49 3713034 4.1 4.5 
55-60 24 2389295 2.4 13 1294201 1.4 1.9 
60-65 7 894938 0.9 5 639242 0.7 0.8 
65-70 2 322104 0.3 0 0 0.0 0.2 
Total 12002 98593489 100 11620 90475625 100 100 
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Table A 16 Volume fraction Vf (%) of veg. oil droplets collected from the distributor at 
Coil(in) = 0.1% 
Inlet to DAF 
 RUN D1 RUN D2  
do Range 
(μm) 
Number 
Volume 
(µm3) 
Vf 
(%) 
Number 
Volume 
(µm3) 
Vf 
(%) 
Avg 
Vf (%) 
15-20 3928 11024034 17.8 4123 11571307 20.1 18.9 
20-25 1412 8422426 13.6 1294 7718568 13.4 13.5 
25-30 729 7939269 12.8 704 7667004 13.3 13.1 
30-35 419 7532151 12.2 409 7352386 12.7 12.5 
35-40 274 7566574 12.2 275 7594189 13.2 12.7 
40-45 180 7235928 11.7 158 6351537 11.0 11.3 
45-50 98 5499989 8.9 86 4826521 8.4 8.6 
50-55 41 3106824 5.0 38 2879496 5.0 5.0 
55-60 27 2687956 4.3 11 1095093 1.9 3.1 
60-65 7 894938 1.4 5 639242 1.1 1.3 
Total 7115 61910091 100 7103 57695343 100 100 
 
Table A 17 Volume fraction Vf (%) of veg. oil droplets collected from the distributor at 
Coil(in) = 0.2% 
Inlet to DAF 
 RUN D1 RUN D2  
do Range 
(μm) 
Number 
Volume 
(µm3) 
Vf 
(%) 
Number 
Volume 
(µm3) 
Vf 
(%) 
Avg 
 Vf (%) 
15-20 5837 16381693 18.7 5935 16656732 20.6 19.7 
20-25 2296 13695389 15.6 2372 14148721 17.5 16.6 
25-30 1122 12219287 13.9 1192 12981631 16.1 15.0 
30-35 622 11181380 12.8 619 11127450 13.8 13.3 
35-40 398 10990863 12.5 344 9499641 11.8 12.2 
40-45 206 8281117 9.4 204 8200718 10.2 9.8 
45-50 105 5892846 6.7 75 4209175 5.2 6.0 
50-55 74 5607439 6.4 26 1970181 2.4 4.4 
55-60 25 2488849 2.8 11 1095093 1.4 2.1 
60-65 6 767090 0.9 4 511393 0.6 0.8 
65-70 1 161052 0.2 2 322104 0.4 0.3 
Total 10692 87667004 100 10784 80722840 100 100 
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Flow Meter Calibration 
Table A 18 Flow meter calibrations for the Lamp Oil  
Rotameter Reading 
(CCM) 
V (L) 
Time 
(s) 
Corresponding Oil 
Flow Rate (L/min) 
0 0.00 0 0.00 
20 0.02 102 1.18E-02 
30 0.02 68 1.76E-02 
40 0.02 46 2.61E-02 
50 0.02 27 4.44E-02 
60 0.02 19 6.32E-02 
70 0.02 16 7.50E-02 
80 0.02 14 8.57E-02 
Table A 19 Flow meter calibrations for the Vegetable Oil 
Rotameter Reading 
(L/min) 
V (L) 
Time 
(s) 
Corresponding Oil 
Flow Rate (L/min) 
0.0 0.00 0 0.00 
1.0 0.10 120 5.00E-02 
1.5 0.10 60 1.00E-01 
2.0 0.40 126 1.90E-01 
2.5 0.40 96 2.50E-01 
3.0 0.40 52 4.62E-01 
3.5 0.50 45 6.67E-01 
4.0 0.70 45 9.33E-01 
Table A 20 Inlet lamp oil concentration value based on the mixture flow rate into the static 
mixer 
Rotameter 
Reading (CCM) 
Actual l Oil Flow 
Rate (L/min) 
Mixture Flow 
Rate (L/min) 
Coil(in) (%) 
30 0.0201 10 0.20 
40 0.0304 15 0.20 
48 0.0399 20 0.20 
55 0.0492 25 0.20 
65 0.0640 30 0.21 
18 0.0101 10 0.10 
25 0.0156 15 0.10 
30 0.0201 20 0.10 
35 0.0250 25 0.10 
40 0.0304 30 0.10 
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Table A 21 Inlet vegetable oil concentration value based on the mixture flow rate into the 
static mixer 
Rotameter 
Reading (L/min) 
Actual Oil Flow 
Rate (L/min) 
Mixture Flow 
Rate (L/min) 
Coil(in) (%) 
1.05 0.0212 10 0.21 
1.15 0.0313 15 0.21 
1.25 0.0428 20 0.21 
1.35 0.0558 25 0.22 
1.40 0.0627 30 0.21 
0.95 0.0125 10 0.13 
1.00 0.0167 15 0.11 
1.10 0.0261 20 0.13 
1.15 0.0313 25 0.13 
1.20 0.0369 30 0.12 
 
Results from Oil-In-Water Measuring Technique 
Table A 22 until Table A 42 present the full results obtained using this method. Absin and 
Absout are recorded from the UV-Vis spectrometer. Coil (%) is obtained from Eq. 4.6 and Eq. 4.7. 
EFH (%) is calculated using Eq. 4.8 or Eq. 4.9. Q1 and Q2 were fixed at 45 L/min and 20 L/min, 
respectively.  
Table A 22 FastHEX analysis for No DAF, Lamp oil + Tap water 
    Influents Effluents   
P (barg) Qoil (L/min) A(in) Coil(in) (%) A(out) Coil(out) (%) EFH (%) 
0 0.01 0.04508 0.059 0.04491 0.038 35.4 
0 0.03 0.04554 0.116 0.04531 0.087 24.5 
0 0.04 0.04593 0.164 0.04565 0.129 21.1 
Table A 23 FastHEX analysis for 4 barg, Lamp oil + Tap water 
  Influents Effluents  
P (barg) Qoil (L/min) Abs(in) Coil(in) (%) A(out) Coil(out) (%) EFH (%) 
4 0.01 0.04512 0.06 0.04486 0.03 49.2 
4 0.03 0.04551 0.11 0.04520 0.07 34.4 
4 0.04 0.04590 0.16 0.04555 0.12 27.1 
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Table A 24 FastHEX analysis for 4 barg, Lamp oil + Salty water 
  Influents Effluents  
P (barg) Qoil (L/min) Abs(in) Coil(in) (%) A(out) Coil(out) (%) EFH (%) 
4 0.01 0.04511 0.06 0.04470 0.01 80.8 
4 0.02 0.04522 0.08 0.04479 0.02 69.4 
4 0.03 0.04590 0.16 0.04510 0.06 61.9 
 
Table A 25 FastHEX analysis for 3 barg, Lamp oil + Salty water 
  Influents Effluents  
P (barg) Qoil (L/min) Abs(in) Coil(in) (%) A(out) Coil(out) (%) EFH (%) 
3 0.01 0.04511 0.06 0.04473 0.02 74.5 
3 0.02 0.04550 0.11 0.04496 0.04 60.2 
3 0.03 0.04580 0.15 0.04522 0.08 48.3 
Table A 26 FastHEX analysis for No DAF, Lamp oil + Tap water 
  Influents Effluents  
P (barg) Qoil (L/min) Abs(in) Coil(in) (%) A(out) Coil(out) (%) EFH (%) 
0 0.01 0.0602 0.04 0.0600 0.02 53.4 
0 0.03 0.0609 0.12 0.0604 0.07 43.8 
0 0.06 0.0620 0.24 0.0613 0.16 32.6 
Table A 27 FastHEX analysis for No DAF, Veg. oil+ Salty water  
  Influents Effluents  
P (barg) Qoil (L/min) A(in) Coil(in) (%) A(out) Coil(out) (%) EFH (%) 
0 0.01 0.06018 0.04 0.05994 0.01 63.2 
0 0.03 0.06090 0.12 0.06029 0.05 55.5 
0 0.06 0.06180 0.21 0.06092 0.12 44.0 
Table A 28 FastHEX analysis for 4 barg, Veg oil + Tap water 
  Influents Effluents  
P (barg) Qoil (L/min) A(in) Coil(in) (%) A(out) Coil(out) (%) EFH (%) 
4 0.01 0.06020 0.04 0.05982 0.00 95.8 
4 0.03 0.06090 0.12 0.05990 0.01 91.3 
4 0.06 0.06180 0.21 0.06007 0.03 86.5 
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Table A 29 FastHEX analysis for 4 barg, Veg oil + Tap water 
  Influents Effluents  
P (barg) Qoil (L/min) A(in) Coil(in) (%) A(out) Coil(out) (%) EFH (%) 
4 0.01 0.06020 0.04 0.05990 0.01 75.0 
4 0.03 0.06090 0.12 0.06020 0.04 63.6 
4 0.06 0.06180 0.21 0.06076 0.10 52.0 
 
Table A 30 FastHEX analysis for No DAF, Lamp oil + Salty water 
  Influents Effluents  
P (barg) Qoil (L/min) A(in) Coil(in) (%) A(out) Coil(out) (%) EFH (%) 
0 0.01 0.04510 0.06 0.04482 0.03 56.0 
0 0.03 0.04560 0.12 0.04515 0.07 45.0 
0 0.04 0.04595 0.17 0.04545 0.10 37.0 
Table A 31 FastHEX analysis for 4 barg, Veg oil + Salty water at 35°C 
  Influents Effluents  
P (barg) Qoil (L/min) A(in) Coil(in) (%) A(out) Coil(out) (%) EFH (%) 
4 0.04 0.06030 0.05 0.05982 0.00 95.6 
4 0.02 0.06090 0.12 0.05988 0.01 93.1 
4 0.05 0.06200 0.24 0.06005 0.03 88.7 
Table A 32 FastHEX analysis for No DAF, Lamp oil + Tap water + 35 °C 
 
 Influents Effluents  
P (barg) Qoil (L/min) A(in) Coil(in) (%) A(out) Coil(out) (%) EFH (%) 
0 0.01 0.04520 0.07 0.04498 0.05 36.9 
0 0.03 0.04560 0.12 0.04532 0.09 27.8 
0 0.04 0.04610 0.18 0.04581 0.15 19.1 
 
Table A 33 FastHEX analysis for 3 barg, Lamp oil + Tap water  
  Influents Effluents  
P (barg) Qoil (L/min) A(in) Coil(in) (%) A(out) Coil(out) (%) EFH(%) 
3 0.02 0.04560 0.12 0.04532 0.09 28.0 
3 0.04 0.04631 0.21 0.04594 0.16 21.9 
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Table A 34 FastHEX analysis for 3 barg, Vegetable oil + Tap water 
  Influents Effluents  
P (barg) Qoil (L/min) A(in) Coil(in) (%) A(out) Coil(out) (%) EFH (%) 
3 0.03 0.06090 0.12 0.06028 0.05 56.4 
3 0.04 0.06180 0.21 0.06102 0.13 39.0 
 
Table A 35 FastHEX analysis for 4 barg, Lamp oil + Alum 1.0 g/L 
  Influents Effluents  
P (barg) Qoil (L/min) A(in) Coil(in) (%) A(out) Coil(out) (%) EFH (%) 
4 0.04 0.04620 0.20 0.04550 0.11 43.8 
Table A 36 FastHEX analysis for 4 barg, Veg oil + Alum 1.0 g/L 
  Influents Effluents  
P (barg) Qoil (L/min) A(in) Coil(in) (%) A(out) Coil(out) (%) EFH (%) 
4 0.05 0.06210 0.25 0.06090 0.12 52.2 
Table A 37 FastHEX analysis for 4 barg, Veg. oil + Alum 1.5 g/L 
  Influents Effluents  
P (barg) Qoil (L/min) A(in) Coil(in) (%) A(out) Coil(out) (%) EFH (%) 
4 0.05 0.06200 0.24 0.06070 0.10 59.1 
 
Table A 38 FastHEX analysis for 4 barg, Lamp oil + Alum 1.5 g/L 
  Influents Effluents  
P (barg) Qoil (L/min) Abs(in) Coil(in) (%) A(out) Coil(out) (%) EFH (%) 
4 0.04 0.04630 0.21 0.04550 0.11 47.1 
Table A 39 FastHEX analysis for 4 barg, Lamp oil + Alum 2.0 g/L 
  Influents Effluents  
P (barg) Qoil (L/min) A(in) Coil(in) (%) A(out) Coil(out) (%) EFH (%) 
4 0.04 0.04630 0.21 0.04540 0.10 52.9 
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Table A 40 FastHEX analysis for 4 barg, Veg oil + Alum 2.0 g/L 
  Influents Effluents  
P (barg) Qoil (L/min) A(in) Coil(in) (%) A(out) Coil(out) (%) EFH (%) 
4 0.05 0.06200 0.24 0.06030 0.05 77.3 
Table A 41 FastHEX analysis for 4 barg, Veg oil + Alum 2.5 g/L 
  Influents Effluents  
P (barg) Qoil (L/min) A(in) Coil(in) (%) A(out) Coil(out) (%) EFH (%) 
4 0.05 0.06200 0.24 0.06010 0.03 86.4 
Table A 42 FastHEX analysis for 4 barg, lamp oil + Alum 2.5 g/L 
  Influents Effluents  
P (barg) Qoil (L/min) A(in) Coil(in) (%) A(out) Coil(out) (%) EFH (%) 
4 0.04 0.04630 0.21 0.04520 0.07 64.7 
Results from Droplet Counting Technique 
Table A 43 to Table A 86 present the remaining sets of results obtained from the oil droplet 
counting method that have been discussed in Chapter 5. 
Table A 43 Droplet size distribution and removal efficiency of Run 1 
  Inlet to DAF Outlet from DAF   
do Range 
(μm) 
Number 
Volume 
(μm3) 
Vf 
(%) 
Number 
Volume 
(μm3) 
Vf 
(%) 
ECC 
(%) 
15-20 3403 9549205 12.3 3069 8613228 14.3 9.60 
20-25 1923 11470485 14.8 1593 9502071 15.8 17.1 
25-30 1208 13155881 17.0 999 10874294 18.0 17.3 
30-35 807 14498043 18.7 631 11334180 18.8 21.8 
35-40 402 11087517 14.3 312 8602146 14.3 22.4 
40-45 231 9266008 12.0 165 6612834 11.0 28.2 
45-50 87 4882643 6.3 51 2862239 4.7 41.4 
50-55 24 1818629 2.4 11 795650 1.3 56.5 
55-60 12 1194647 1.5 8 746655 1.2 37.4 
60-65 4 511393 0.7 3 383545 0.6 25.0 
65-70               
Total 8099 77434451 100 6839 60326842 100 22.1 
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Table A 44 Droplet size distribution and removal efficiency of Run 2 
  Inlet to DAF Outlet from DAF   
do Range 
(μm) 
Numbe
r 
Volume 
(μm3) 
Vf 
(%) 
Number 
Volume 
(μm3) 
Vf 
(%) 
ECC 
(%) 
15-20 3402 9546398 12.3 3279 9202599 14.9 3.6 
20-25 1865 11124521 14.4 1536 9159090 14.8 17.7 
25-30 1257 13684077 17.7 979 10656482 17.2 22.1 
30-35 807 14507031 18.8 622 11172392 18.1 23.0 
35-40 396 10921825 14.1 299 8243147 13.3 24.5 
40-45 2276 9145409 11.8 152 6090239 9.8 33.4 
45-50 85 4770399 6.2 58 3227034 5.2 32.4 
50-55 24 1780741 2.3 27 2008069 3.2 -12.7 
55-60 12 1194647 1.5 13 1244424 2.0 -5.0 
60-65 6 703166 0.9 7 831014 1.3 -18.3 
65-70        
Total 8079 77378214 100 6968 61834490 100 20.1 
Table A 45 Droplet size distribution and removal efficiency of Run 3 
  Inlet to DAF Outlet from DAF   
do Range 
(μm) 
Number 
Volume 
(μm3) 
Vf 
(%) 
Number 
Volume 
(μm3) 
Vf 
(%) 
ECC 
(%) 
15-20 15961 44794962 14.0 11856 33272769 14.9 25.6 
20-25 6837 40781957 12.6 5758 34342858 15.2 15.5 
25-30 3614 39353292 12.2 2873 31288781 13.8 20.7 
30-35 2217 39853889 12.3 1736 31207195 13.9 21.6 
35-40 1327 36631608 11.3 977 26980084 12.0 26.1 
40-45 847 34049060 10.4 508 20421396 9.1 39.6 
45-50 468 26265254 8.0 275 15433643 6.9 40.0 
50-55 332 25119811 7.6 189 14283814 6.3 41.9 
55-60 179 17770379 5.4 100 9905617 4.3 43.9 
60-65 99 12656982 3.8 43 5497477 2.4 55.5 
65-70 41 6603134 2.0 15 2415781 1.1 63.8 
70-75 6 1097569 0.3 2 299337 0.1 73.3 
75-80        
Total 31926 324977899 100 24330 225348753 100 30.7 
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Table A 46 Droplet size distribution and removal efficiency of Run 4 
  Inlet to DAF Outlet from DAF   
do Range 
(μm) 
Number 
Volume 
(μm3) 
Vf 
(%) 
Number 
Volume 
(μm3) 
Vf 
(%) 
ECC 
(%) 
15-20 16196 45453093 13.9 15108 42399592 16.4 6.7 
20-25 6472 38604772 11.8 5833 34791716 13.4 9.8 
25-30 3535 38492932 11.8 3040 33110238 12.8 14.1 
30-35 2136 38388805 11.8 1676 30124111 11.6 21.6 
35-40 1266 34947079 10.7 1022 28215866 10.9 19.4 
40-45 823 33064170 10.1 587 23577065 9.1 28.7 
45-50 491 27528007 8.4 354 19839247 7.6 28.1 
50-55 314 23755840 7.3 205 15496234 6.0 34.7 
55-60 192 19114357 5.9 123 12195358 4.7 36.0 
60-65 106 13487996 4.1 78 9908244 3.9 26.7 
65-70 52 8294180 2.5 36 5717348 2.2 32.3 
70-75 24 4689611 1.4 17 3292706 1.3 31.5 
75-80 3 609397 0.2 2 365638 0.1 41.7 
Total 31605 326430239 100 28076 259033361 100 20.6 
 
Table A 47 Droplet size distribution and removal efficiency of Run 5 
 Inlet to DAF Outlet from DAF  
do Range 
(μm) 
Number 
Volume 
(μm3) 
Vf 
(%) 
Number 
Volume 
(μm3) 
Vf 
(%) 
ECC 
(%) 
15-20 12931 36289785 16.8 8890 24948613 17.3 31.2 
20-25 4671 27859022 12.8 3201 19090632 13.2 31.3 
25-30 2604 28359201 13.1 1794 19537791 13.5 31.0 
30-35 1553 27908508 12.9 1075 19324732 13.4 30.6 
35-40 914 25240324 11.7 628 17328560 12.0 31.3 
40-45 609 24481556 11.4 412 16542135 11.5 32.5 
45-50 328 18380066 8.5 213 11925997 8.2 35.3 
50-55 162 12237857 5.7 100 7577620 5.3 37.9 
55-60 80 7964315 3.7 41 4031935 2.8 49.3 
60-65 36 4602539 2.2 19 2429118 1.7 46.9 
65-70 10 1610520 0.8 6 885786 0.6 44.9 
70-75 5 997790 0.5 3 598674 0.4 40.0 
75-80        
Total 23901 215931483 100 16379 144221592 100 33.2 
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Table A 48 Droplet size distribution and removal efficiency of Run 6 
  Inlet to DAF Outlet from DAF   
do Range 
(μm) 
Number 
Volume 
(μm3) 
Vf 
(%) 
Number 
Volume 
(μm3) 
Vf 
(%) 
ECC 
(%) 
15-20 9171 25738650 15.2 3856 10821964 16.9 57.9 
20-25 3113 18568705 11.0 1232 7348745 11.5 60.5 
25-30 1875 20414486 12.1 834 9082786 14.3 55.5 
30-35 1065 19144967 11.4 452 8116387 12.7 57.7 
35-40 661 18239862 10.8 273 7538959 11.7 58.7 
40-45 414 16642634 9.8 181 7256028 11.3 56.2 
45-50 266 14900481 8.7 97 5415806 8.4 63.4 
50-55 164 12389409 7.2 59 4432908 6.9 64.3 
55-60 102 10154502 6.0 25 2439072 3.7 76.4 
60-65 53 6712036 3.8 9 1086711 1.7 83.1 
65-70 26 4187353 2.5 4 644208 1.0 84.6 
70-75 13 2594253 1.5 0 0 0.0 100 
75-80        
Total 16921 169687339 100 7019 64183573 100 62.2 
 
Table A 49 Droplet size distribution and removal efficiency of Run 7 
  Inlet to DAF Outlet from DAF   
do Range 
(μm) 
Number 
Volume 
(μm3) 
Vf 
(%) 
Number 
Volume 
(μm3) 
Vf 
(%) 
ECC 
(%) 
15-20 4049 11362221 12.4 3673 10306967 15.3 9.3 
20-25 2362 14089072 15.4 1776 10590663 15.7 24.9 
25-30 1635 17806180 19.4 1157 12600459 18.5 29.4 
30-35 854 15342938 16.6 613 11010603 16.1 28.5 
35-40 509 14042347 15.1 357 9844831 14.3 30.3 
40-45 280 11255888 11.9 191 7678123 11.0 31.9 
45-50 86 4826521 5.1 59 3311218 4.7 31.3 
50-55 25 1856517 2.0 17 1250307 1.8 32.6 
55-60 12 1144870 1.2 10 945762 1.3 19.2 
60-65 6 703166 0.8 7 831014 1.2 -18.3 
65-70        
70-75        
75-80        
Total 9815 92429720 100 7856.5 68369949 100 26.0 
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Table A 50 Droplet size distribution and removal efficiency of Run 8 
  Inlet to DAF Outlet from DAF   
do Range 
(μm) 
Number 
Volume 
(μm3) 
Vf (%) Number 
Volume 
(μm3) 
Vf 
(%) 
ECC 
(%) 
15-20 2994 8402739 11.5 2548 7149625 13.5 15.1 
20-25 1887 11255749 15.4 1518 9051722 17.1 19.6 
25-30 1223 13319241 18.2 957 10416888 19.6 21.8 
30-35 697 12529617 17.2 535 9617425 18.1 23.2 
35-40 448 12357817 16.9 310 8546915 16.1 30.8 
40-45 220 8823812 12.1 147 5909341 11.1 33.5 
45-50 83 4658154 6.4 30 1683670 3.2 62.8 
50-55 15 1098755 1.5 6 416769 0.8 61.3 
55-60 6 547547 0.7 3 298662 0.6 52.1 
60-65        
65-70        
70-75        
Total 7571 72993430 100 6052 53091016 100 27.3 
 
The full set of results of Run 9 is presented in Table A 51. Q1 and Q2 were set at 30 L/min and 
into DAF tank at 20 L/min, respectively. The Coil was set to 0.2%. Therefore, the oil flow rate had 
to be 0.06 L/min. The average oil droplet removal efficiency of this run was 28.8% and the Sauter 
diameter, 𝑑32 was 30.1 μm. 
Table A 51 Run 9: P = 4 barg, Coil = 0.2% Qoil= 0.06 L/min, Lamp oil and Tap water 
  Inlet to DAF Outlet from DAF   
do Range 
(μm) 
Number 
Volume 
(μm3) 
Vf 
(%) 
Number 
Volume 
(μm3) 
Vf 
(%) 
ECC 
(%) 
15-20 2325 6525173 10.5 2195 6158921 13.9 5.4 
20-25 1347 8031725 12.8 1006 6000680 13.5 24.6 
25-30 994 10819841 17.3 700 7617996 17.1 29.6 
30-35 584 10498273 16.9 404 7262504 16.4 30.8 
35-40 397 10949440 17.6 280 7718458 17.4 29.5 
40-45 215 8622814 13.9 144 5788742 13.1 31.6 
45-50 58 3227034 5.2 31 1711731 3.9 46.0 
50-55 24 1818629 2.9 12 909314 2.1 50.1 
55-60 12 1194647 1.9 7 696878 1.6 42.7 
60-65 5 639242 1.0 4 511393 1.2 20.0 
65-70        
Total 5959 62326819 100 4781 44376618 100 28.8 
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Table A 52 Run 10 a: P = 0 barg, Coil = 0.2% Qoil= 0.06 L/min, Lamp oil and Tap water 
  Inlet to DAF Outlet from DAF   
do Range 
(μm) 
Number 
Volume 
(μm3) 
Vf 
(%) 
Number 
Volume 
(μm3) 
Vf 
(%) 
ECC 
(%) 
15-20 1908 5353448 8.3 2078 5830558 10.8 -8.9 
20-25 1196 7134009 11.1 1010 6024540 11.1 15.5 
25-30 1068 11625748 17.8 921 10024825 18.5 13.1 
30-35 654 11756628 18.1 515 9257895 17.0 21.4 
35-40 453 12495894 19.3 333 9182065 16.9 26.5 
40-45 183 7336427 11.6 152 6110339 11.5 18.7 
45-50 72 4012747 6.1 55 3086729 5.6 24.7 
50-55 27 2045957 3.0 22 1629188 2.8 20.2 
55-60 17 1692417 2.4 14 1393755 2.4 9.7 
60-65 9 1150635 1.7 11 1342407 2.4 -19.6 
65-70 3 483156 0.7 4 563682 1.0 -8.3 
70-75        
Total 5588 65087066 100 5112 54445983 100 16.3 
Table A 53 Run 11 : P = 4 barg, Coil = 0.1% Qoil= 0.04 L/min, Lamp oil and Tap water 
  Inlet to DAF Outlet from DAF   
do Range 
(μm) 
Number 
Volume  
(μm3) 
Vf 
(%) 
Number 
Volume 
(μm3) 
Vf 
(%) 
ECC 
(%) 
15-20 1357 3807053 8.97 1137 3189617 11.1 13.0 
20-25 773 4610860 11.78 613 3656478 13.7 20.5 
25-30 588 6398245 16.74 355 3866174 14.6 40.5 
30-35 343 6165938 16.64 227 4071676 16.3 33.2 
35-40 201 5550662 13.88 123 3396674 12.6 36.9 
40-45 104 4180758 11.06 62 2492375 9.7 39.8 
45-50 57 3170912 9.13 33 1852037 7.7 41.5 
50-55 25 1894405 5.34 16 1174531 4.8 38.0 
55-60 11 1095093 3.09 8 746655 3.0 31.8 
60-65 7 831014 2.30 8 1022786 4.1 -22.6 
65-70 3 402630 1.08 4 563682 2.2 -41.7 
Total 3467 38107571 100 2584 26032685 100 31.7 
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Table A 54 Run 12: P = 0 barg, Coil = 0.1% Qoil= 0.04 L/min, Lamp oil and Tap water 
  Inlet to DAF Outlet from DAF   
do Range 
(μm) 
Number 
Volume 
(μm3) 
Vf 
(%) 
Number 
Volume 
(μm3) 
Vf 
(%) 
ECC 
(%) 
15-20 1694 4752852 10.6 1555 4362745 12.3 8.2 
20-25 947 5645769 12.6 948 5651734 16.0 -2.6 
25-30 691 7525425 16.7 537 5850991 16.5 21.6 
30-35 484 8700623 19.5 377 6768150 19.2 22.3 
35-40 248 6834771 15.1 155 4273458 11.9 41.2 
40-45 144 5768642 12.7 100 3999860 11.2 32.0 
45-50 47 2609689 6.0 32 1795915 5.1 30.2 
50-55 15 1136643 2.6 11 795650 2.3 26.0 
55-60 8 746655 1.7 6 547547 1.6 29.2 
60-65 4 447469 1.0 4 511393 1.5 -12.5 
65-70 4 644208 1.5 5 805260 2.3 -26.7 
Total 4283 44812746 100 3727 35362703 100 21.1 
 The full results from Run 13 are presented in Table A 55 and Fig. A 1. Run 13 was conducted 
with vegetable oil. The Coil(in)  was set to 0.1%, so the Qoil had to be 0.03 L/min. The average oil 
droplet removal efficiency was found to be 76.6% and the Sauter diameter, 𝑑32 was 28.6 μm.  
Table A 55 Run 13: P = 4 barg, Coil = 0.1% Qoil= 0.03 L/min, Veg. oil and Tap water 
  Inlet to DAF Outlet from DAF   
do Range 
(μm) 
Number 
Volume 
(μm3) 
Vf 
(%) 
Number 
Volume 
(μm3) 
Vf 
(%) 
ECC 
(%) 
15-20 13848 38864773 15.6 4686 13149978 21.8 66.1 
20-25 7632 45521063 18.1 2053 12242938 20.3 73.1 
25-30 3381 36815775 14.3 679 7389293 12.4 78.8 
30-35 1969 35395718 13.6 472 8475917 14.0 75.8 
35-40 1108 30583872 11.6 227 6268658 10.4 78.0 
40-45 702 28220118 10.5 125 5004850 8.2 80.8 
45-50 397 22252507 8.3 89 4994888 8.3 74.2 
50-55 169 12806178 4.8 22 1629188 2.7 88.1 
55-60 35 3484388 1.4 5 447993 0.7 86.9 
60-65 23 2876587 1.1 4 511393 0.8 82.4 
65-70 5 805260 0.3 1 161052 0.3 79.2 
70-75 3 598674 0.2 1 99779 0.2 87.5 
75-80        
Total 29270 258224914 100 8360 60375927 100 76.6 
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Fig. A 1  (a) Volume fraction and (b) removal efficiencies of oil droplet of Run 13 
The full set of results of Run 14 is presented in Table A 56 and Fig. A 2. Run 14 was conducted 
with similar conditions of Run 13, but Coil(in) was fixed at approximately 0.2%. The oil droplet 
removal efficiency for this run was found to be 52.1% and the Sauter diameter, 𝑑32 was 29.2 μm. 
Table A 56 Run 14: P = 4 barg, Coil = 0.2% Qoil= 0.06 L/min, Veg. oil and Tap water 
  Inlet to DAF Outlet from DAF   
do Range 
(μm) 
Number 
Volume 
(μm3) 
Vf 
(%) 
Number 
Volume 
(μm3) 
Vf 
(%) 
ECC 
(%) 
15-20 14619 41028604 15.1 10234 28721988 22.3 29.6 
20-25 7702 45938605 16.9 5000 29824453 23.2 34.5 
25-30 3637 39603777 14.6 1387 15105304 11.6 62.1 
30-35 1746 31377972 11.4 799 14354231 10.8 54.7 
35-40 989 27311467 9.9 411 11349861 8.6 58.9 
40-45 740 29727603 11.0 286 11476986 8.7 61.9 
45-50 427 23964239 8.8 160 8951513 6.8 62.9 
50-55 205 15534122 5.6 71 5380110 4.0 65.7 
55-60 110 10901157 4.0 37 3633719 2.8 66.6 
60-65 39 4922160 1.9 9 1086711 0.8 77.6 
65-70 14 2254729 0.8 4 563682 0.4 75.1 
70-75        
75-80        
Total 30225 272564433 100 18395 130448558 100 52.1 
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Fig. A 2 (a) Volume fraction and (b) removal efficiencies of oil droplet of Run 14 
The full set of results of Run 15 is presented in Table A 57 and Fig. A 3. Run 15 involved 4 
barg, vegetable oil mixed with tap water at Coil of approximately 0.1%. Therefore, the Qoil had to 
be 0.03 L/min. The oil droplet removal efficiency was found to be 71.1%, and the average Sauter 
diameter, 𝑑32 of the run was 26.5 μm. 
Table A 57 Run 15: P = 4 barg, Coil = 0.1% Qoil= 0.03 L/min, Veg. oil and Tap water 
  Inlet to DAF Outlet from DAF   
do Range 
(μm) 
Number 
Volume 
(μm3) 
Vf 
(%) 
Number 
Volume 
(μm3) 
Vf 
(%) 
ECC 
(%) 
15-20 29503 82800938 19.7 12890 36174717 29.8 56.2 
20-25 17031 101585070 24.2 4712 28103582 23.1 72.2 
25-30 4961 54022971 12.9 1413 15388460 12.7 71.5 
30-35 3399 61093118 14.6 937 16843976 13.9 72.4 
35-40 1471 40608202 9.7 405 11184170 9.2 72.4 
40-45 773 31054190 7.4 192 7698223 6.3 74.3 
45-50 516 28959127 6.9 93 5191316 4.3 81.2 
50-55 120 9055256 2.1 9 681986 0.6 93.3 
55-60 45 4479927 1.1 2 199108 0.2 95.1 
60-65 47 6008870 1.5 0 0 0.0 100.0 
Total 57863 419667669 100 20651 121465539 100 71.1 
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Fig. A 3 (a) Volume fraction and (b) removal efficiencies of oil droplet of Run 15 
The full results of Run 16 are presented in Table A 58 and Fig. A 4. Run 16 was conducted under 
comparable experimental conditions as Run 15, except the Coil was set to 0.2%. Therefore, the oil 
droplet had to be 0.05 L/min. The oil droplet removal efficiency was found to be 51.8%. The average 
Sauter diameter, 𝑑32 of the run was 28.7 μm. 
Table A 58 Run 16: 4 barg, Coil = 0.2% Qoil= 0.06 L/min, Veg. oil and Tap water 
  Inlet to DAF Outlet from DAF   
do Range 
(μm) 
Number 
Volume 
(μm3) 
Vf 
(%) 
Number 
Volume 
(μm3) 
Vf 
(%) 
ECC 
(%) 
15-20 21320 59835135 12.3 14731 41342935 17.6 37.5 
20-25 14545 86756352 17.9 8206 48947892 21.0 50.7 
25-30 8543 93038654 19.1 3779 41150246 17.6 53.5 
30-35 4693 84363690 17.3 2148 38604523 16.3 55.6 
35-40 2007 55423775 11.6 816 22534031 9.9 55.8 
40-45 1006 40440797 8.4 403 16200438 7.0 62.9 
45-50 506 28397903 5.9 213 11925997 5.2 58.0 
50-55 250 18944051 3.9 103 7804949 3.3 61.8 
55-60 88 8710970 1.8 27 2687956 1.1 73.6 
60-65 51 6456340 1.3 15 1917725 0.8 76.3 
65-70 13 2093677 0.4 3 402630 0.2 36.4 
Total 53021 484461343 100 30442 233519323 100 51.8 
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Fig. A 4 (a) Volume fraction and (b) removal efficiencies of oil droplet of Run 16 
The full set of results of Run 17 is presented in Table A 59 . Run 17 conducted with similar 
conditions as Run 16, but the mixture flow rate into DAF tank was set to 20 L/min. The oil droplet 
removal efficiency was found to be 45.4% with Sauter mean diameter of 29.4 μm.  
Table A 59 Run 17: P=4 barg, Coil = 0.2% Qoil= 0.06 L/min, Veg. oil and Tap water 
  Inlet to DAF Outlet from DAF   
do Range 
(μm) 
Number 
Volume 
(μm3) 
Vf 
(%) 
Number 
Volume 
(μm3) 
Vf 
(%) 
ECC 
(%) 
15-20 13548 38022815 13.3 10284 28862314 18.5 24.1 
20-25 8250 49207365 17.3 5502 32818828 21.1 33.4 
25-30 3290 35824728 12.6 2014 21933729 14.1 38.7 
30-35 2475 44491825 15.5 1434 25769305 16.5 42.1 
35-40 1165 32171748 11.3 588 16223950 10.4 49.6 
40-45 804 32320478 11.3 331 13306067 8.5 58.8 
45-50 514 28846882 10.1 175 9821409 6.3 66.1 
50-55 228 17276974 6.1 73 5531663 3.5 68.0 
55-60 44 4330597 1.5 11 1095093 0.7 74.9 
60-65 15 1917725 0.7 3 383545 0.2 80.4 
65-70 6 966312 0.3 1 161052 0.1 82.9 
70-75        
Total 30338 285377448 100 20415 155906956.4 100 45.4 
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The full set of results of Run 18 is presented in Table A 60. Run 18 replicated Run 15, but the 
Q2 was set to 20 L/min. The oil droplet removal efficiency was found to be 64.8% with Sauter 
mean diameter of 29.0 μm.  
Table A 60 Run 18: P=4 barg, Coil = 0.1% Qoil= 0.03 L/min, Veg. oil and Tap water 
  Inlet to DAF Outlet from DAF   
do Range 
(μm) 
Number 
Volume 
(μm3) 
Vf 
(%) 
Number 
Volume 
(μm3) 
Vf (%) 
ECC 
(%) 
15-20 15623 43846356 15.1 7479 20988605 20.5 52.2 
20-25 8250 49207365 17.0 3427 20441680 20.0 58.6 
25-30 3290 35824728 12.3 988 10759943 10.5 69.8 
30-35 2475 44491825 15.3 777 13958748 13.7 68.7 
35-40 1138 31426137 10.8 337 9306334 9.1 70.4 
40-45 804 32320478 11.1 237 9507205 9.3 70.6 
45-50 522 29267800 10.1 172 9624981 9.4 67.2 
50-55 221 16708653 5.7 72 5455887 5.3 67.3 
55-60 53 5226582 1.8 16 1543086 1.5 70.5 
60-65 13 1662028 0.6 4 511393 0.5 69.7 
65-70 4 563682 0.2 1 161052 0.2 70.8 
70-75        
Total 32390 290545633 100 13508 102258914 100 64.8 
The full set of results of Run 19 is presented in Table A 61  and Fig. A 5 . Run 19 was conducted 
with similar conditions to Run 18, but Q2 was increased to 25 L/min. The oil droplet removal 
efficiency was found to be 37.5%, and the Sauter mean diameter was 27.9 μm.   
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Table A 61 Run 19: P=4 barg, Coil = 0.1% Qoil= 0.03 L/min, Veg. oil and Tap water 
  Inlet to DAF Outlet from DAF   
do Range 
(μm) 
Number 
Volume 
(μm3) 
Vf 
(%) 
Number 
Volume 
(μm3) 
Vf 
(%) 
ECC 
(%) 
15-20 15335 43038077 17.6 12104 33970191 22.2 21.1 
20-25 8133 48512455 19.8 5795 34563559 22.5 28.8 
25-30 2923 31827867 12.7 1682 18318040 11.7 42.4 
30-35 1840 33076750 13.3 1088 19558426 12.5 41.2 
35-40 985 27187198 10.9 559 15436916 9.9 42.7 
40-45 611 24541855 9.6 347 13949261 8.6 45.0 
45-50 354 19867308 7.8 188 10522938 6.7 45.9 
50-55 166 12578850 5.0 83 6289425 4.0 49.9 
55-60 63 6271898 2.4 23 2289741 1.4 46.5 
60-65 10 1278483 0.5 4 447469 0.3 48.2 
65-70 6 966312 0.4 2 322104 0.2 46.5 
70-75        
75-80        
Total 30425 249147054 100 21874 155668070 100 37.5 
 
Fig. A 5 (a) Volume fraction and (b) removal efficiencies of oil droplet of Run 19 
The full set of results of Run 20 is presented in Table A 62 and Fig. A 6. Run 20 was conducted 
with similar conditions to Run 17. However, the flow rate of the mixture was increased to 25 
L/min. The oil droplet removal efficiency was found to be 22.6%, and the Sauter mean diameter 
was 27.6 μm.  
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Table A 62 Run 20: P=4 barg, Coil = 0.2% Qoil= 0.03 L/min, Veg. oil and Tap water 
Inlet to DAF Outlet from DAF 
do Range 
(μm) 
Number 
Volume 
(μm3) 
Vf 
(%) 
Number 
Volume 
(μm3) 
Vf 
(%) 
ECC 
(%) 
15-20 25867 72596409 15.29 20818 58426259 15.9 19.5 
20-25 15207 90705109 19.08 11573 69028697 18.7 23.9 
25-30 9280 101059603 21.23 7071 77007646 20.9 23.7 
30-35 4544 81685192 16.98 3595 64625499 17.4 20.2 
35-40 1235 34091007 7.18 974 26897238 7.3 21.1 
40-45 747 30029100 6.33 572 22974071 6.3 23.5 
45-50 605 33954015 7.18 447 25058624 6.8 26.0 
50-55 238 17996848 3.78 179 13563940 3.7 24.6 
55-60 82 8163423 1.72 63 6271898 1.7 23.2 
60-65 33 4218994 0.89 27 3387980 0.9 19.7 
65-70 10 1610520 0.34 9 1368942 0.4 14.6 
70-75        
Total 57846 476110222 100 45326 368610795 100 22.6 
 
Fig. A 6 (a) Volume fraction and (b) removal efficiencies of oil droplet of Run 20 
 The full set of results of Run 21 is presented in Table A 63 and Fig. A 7. Run 21 involved 4 barg, 
lamp oil mixed with tap water at Coil = 0.1%. Therefore, the Qoil had to be 0.03 L/min. Q2 was set to 
10 L/min. The oil droplet removal efficiency of this run was found to be 37.2%, and the Sauter mean 
diameter was 31.2 μm.  
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Table A 63 Run 21: P=4 barg, Coil = 0.1% Qoil= 0.03 L/min, Lamp oil and Tap water 
Inlet to DAF Outlet from DAF  
do Range 
(μm) 
Number 
Volume 
(μm3) 
Vf 
(%) 
Number 
Volume 
(μm3) 
Vf 
(%) 
ECC 
(%) 
15-20 2470 6930716 8.5 2066 5798283 11.3 16.5 
20-25 1456 8681898 10.7 1002 5976820 11.8 31.3 
25-30 1073 11680201 14.4 671 7302168 14.3 37.3 
30-35 857 15405856 18.9 549 9860107 19.3 35.8 
35-40 602 16624371 20.4 361 9969100 19.5 40.0 
40-45 324 13004570 16.0 177 7095229 13.8 45.5 
45-50 72 4040808 5.0 33 1852037 3.6 52.8 
50-55 33 2462727 3.0 20 1515524 3.0 38.4 
55-60 12 1194647 1.5 7 647101 1.3 43.3 
60-65 7 894938 1.1 4 511393 1.0 42.9 
65-70 3 402630 0.5 4 563682 1.1 -41.7 
Total 6906 81323363 100 4892 51091444 100 37.2 
 
Fig. A 7 (a) Volume fraction and (b) removal efficiencies of oil droplet of Run 21 
The full set of results of Run 22 is presented in Table A 64. Run 22 was a replicated of run 21 
but at higher Coil(in), 0.2%. The oil droplet removal efficiency of this run was found to be 32.8%, 
and the Sauter mean diameter was 30.8 μm.  
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Table A 64 Run 22: P=4 barg, Coil = 0.2% Qoil= 0.06 L/min, Lamp oil and Tap water 
Inlet to DAF Outlet from DAF  
do Range 
(μm) 
Number 
Volume 
(μm3) 
Vf 
(%) 
Number 
Volume 
(μm3) 
Vf 
(%) 
ECC 
(%) 
15-20 2652 7,442,907 8.8 2304 6,466,236 11.3 13.1 
20-25 1487 8,866,810 10.4 1200 7,157,869 12.6 19.3 
25-30 1243 13,531,608 15.9 828 9,011,996 15.8 33.4 
30-35 978 17,572,024 20.7 687 12,349,852 21.7 29.7 
35-40 719 19,841,546 23.4 409 11,280,823 19.8 43.1 
40-45 256 10,270,998 12.1 151 6,070,139 10.6 40.9 
45-50 49 2,749,995 3.2 29 1,627,548 2.9 40.8 
50-55 33 2,500,615 2.9 21 1,591,300 2.8 36.4 
55-60 13 1,294,201 1.5 8 796,432 1.4 38.5 
60-65 5 639,242 0.8 4 511,393 0.9 20.0 
65-70 1 161,052 0.2 1 161,052 0.3 0.0 
Total 7434 84,870,996 100 5641 57,024,641 100 32.8 
 
Fig. A 8 (a) Volume fraction and (b) removal efficiencies of oil droplet of Run 22 
 The full set of results of Run 23 is presented in Table A 65 and Fig. A 9. Run 23 was replicated 
from run 21, but the flow rate of the mixture was set to 15 L/min. The oil droplet removal 
efficiency was found to be 36.1%, and Sauter mean diameter was 31.6 μm.  
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Table A 65 Run 23: P=4 barg, Coil = 0.1 % Qoil= 0.04 L/min, Lamp oil and Tap water 
Inlet to DAF Outlet from DAF  
do Range 
(μm) 
Number 
Volume 
(μm3) 
Vf 
(%) 
Number 
Volume 
(μm3) 
Vf 
(%) 
ECC 
(%) 
15-20 2697 7569201 8.3 2411 6766534 11.6 10.6 
20-25 1402 8362777 9.1 1002 5976820 10.2 28.5 
25-30 1310 14266726 15.6 862 9382278 16.1 34.2 
30-35 944 16960823 18.5 584 10489285 17.9 38.2 
35-40 656 18101786 19.8 387 10673288 18.3 41.0 
40-45 366 14713053 16.1 204 8200718 14.0 44.1 
45-50 91 5079072 5.6 50 2778056 4.8 46.0 
50-55 45 3409929 3.7 27 2045957 3.5 39.2 
55-60 18 1742194 1.9 12 1144870 2.0 34.2 
60-65 7 831014 0.9 5 575317 1.0 31.0 
65-70 3 402630 0.4 3 402630 0.7 0.0 
Total 7536 91439204 100 5544 58435755 100 36.1 
 
Fig. A 9 (a) Volume fraction and (b) removal efficiencies of oil droplet of Run 23 
Run 24 was conducted with similar conditions to run 23, but at different inlet oil concentration, 
which was 0.2%. The oil droplet removal efficiency was found to be 30.3%, and Sauter mean 
diameter was 31.6 μm. The full set of results is presented in Table A 66.  
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Table A 66 Run 24. P=4 barg, Coil = 0.2% Qoil= 0.06 L/min, Lamp oil and Tap water 
Inlet to DAF Outlet from DAF  
do Range 
(μm) 
Number 
Volume 
(μm3) 
Vf 
(%) 
Number 
Volume 
(μm3) 
Vf 
(%) 
ECC 
(%) 
15-20 2735 7675849 8.2 2406 6752502 10.4 11.9 
20-25 1383 8246461 8.8 1166 6955062 10.7 15.6 
25-30 1260 13716749 14.7 874 9512965 14.7 30.7 
30-35 919 16511410 17.7 603 10830838 16.7 34.3 
35-40 725 20021045 21.5 453 12495894 19.2 37.7 
40-45 335 13466866 14.5 234 9386606 14.4 31.0 
45-50 91 5107133 5.5 60 3339279 5.2 34.9 
50-55 64 4811789 5.2 41 3106824 4.8 35.4 
55-60 21 2040856 2.2 14 1343978 2.1 35.3 
60-65 10 1278483 1.4 7 894938 1.4 29.7 
65-70 2 322104 0.3 2 322104 0.5 0.0 
Total 7543 93198744 100 5857 64940992 100.0 30.3 
  
Fig. A 10(a) Volume fraction and (b) removal efficiencies of oil droplet of Run 24 
 
The full set of results of Run 25 is presented in Table A 67 and Fig. A 11. Run 25 was replicated 
from Run 23, but the mixture flow rate was increased to 25 L/min. This involved 4 barg, Coil = 
0.1%, lamp oil mixed with tap water. So the Qoil had to be 0.04 L/min. The oil droplet removal 
efficiency was found to be 27.2%, and Sauter mean diameter was 32 μm. 
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Table A 67 Run 25 : P=4 barg, Coil = 0.1% Qoil= 0.04 L/min, Lamp oil and Tap water 
  Inlet to DAF Outlet from DAF   
do Range 
(μm) 
Number 
Volume 
(μm3) 
Vf 
(%) 
Number 
Volume 
(μm3) 
Vf 
(%) 
ECC 
(%) 
15-20 2879 8078585 8.9 2406 6752502 10.3 16.1 
20-25 1484 8848915 9.8 1104 6585239 10.0 25.7 
25-30 1114 12126717 13.4 797 8679832 13.2 28.1 
30-35 863 15513715 17.1 634 11388109 17.3 26.1 
35-40 605 16693409 18.4 430 11860743 18.0 29.0 
40-45 293 11778482 13.0 212 8522315 12.9 27.6 
45-50 119 6650497 7.3 82 4602032 7.0 30.6 
50-55 71 5380110 6.0 48 3599370 5.5 33.1 
55-60 32 3185726 3.5 22 2140410 3.3 32.8 
60-65 13 1662028 1.8 10 1278483 1.9 22.4 
65-70 4 644208 0.7 3 483156 0.7 26.7 
Total 7475 90562394 100 5746 65892191 100 27.2 
 
Fig. A 11 (a) Volume fraction and (b) removal efficiencies of oil droplet of Run 25 
The full set of results of Run 26 is presented in Table A 68.Run 26 was similar to Run 24, but 
the mixture flow rate was increased to 25 L/min. The oil droplet removal efficiency was found to 
be 25.4%, and Sauter mean diameter was 32 μm.  
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Table A 68 Run 26: P=4 barg, Coil = 0.2% Qoil= 0.06 L/min, Lamp oil and Tap water 
  Inlet to DAF Outlet from DAF   
do Range 
(μm) 
Number 
Volume 
(μm3) 
Vf 
(%) 
Number 
Volume 
(μm3) 
Vf 
(%) 
ECC 
(%) 
15-20 2708 7600073 9.3 2266 6358185 10.4 16.3 
20-25 1544 9209791 11.2 1232 7348745 11.9 20.3 
25-30 898 9779786 11.9 724 7884816 12.9 19.4 
30-35 722 12970041 15.7 550 9887072 16.1 23.8 
35-40 517 14277076 17.3 352 9706755 15.8 31.5 
40-45 285 11436786 13.9 200 8039920 13.1 29.5 
45-50 107 6005090 7.3 74 4124992 6.7 30.4 
50-55 72 5455887 6.6 50 3750922 6.1 30.8 
55-60 31 3036395 3.7 24 2389295 3.9 21.0 
60-65 16 2045573 2.5 12 1534180 2.5 23.5 
65-70 3 483156 0.6 3 402630 0.7 12.5 
Total 6902 82299654 100 5485 61427511 100 25.4 
 
Fig. A 12 (a) Volume fraction and (b) removal efficiencies of oil droplet of Run 26 
The full set of results of Run 27 is presented in Table A 69. Run 27 involved No DAF, Coil of 
approximately 0.1% Qoil= 0.04 L/min, Lamp oil and Tap water. This was a replication from Run 
25. The oil droplet removal efficiency was found to be 14.1%. Sauter mean diameter was 32 μm. 
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Table A 69 Run 27: P= 0 barg, Coil = 0.1% Qoil= 0.04 L/min, Lamp oil and Tap water 
  Inlet to DAF Outlet from DAF   
do Range 
(μm) 
Number 
Volume 
(μm3) 
Vf 
(%) 
Number 
Volume 
(μm3) 
Vf 
(%) 
ECC 
(%) 
15-20 2763 7753028 10.3 2575 7226805 11.1 6.8 
20-25 1495 8917511 11.8 1317 7852779 12.1 12.0 
25-30 821 8941207 11.9 696 7579879 11.7 15.2 
30-35 697 12529617 16.4 591 10624108 16.2 14.9 
35-40 534 14746535 19.0 457 12606354 19.0 14.4 
40-45 223 8964511 11.8 189 7577624 11.6 15.3 
45-50 86 4826521 6.4 73 4096931 6.3 15.0 
50-55 58 4395020 5.8 50 3750922 5.7 14.5 
55-60 29 2837287 3.8 24 2339518 3.6 17.5 
60-65 12 1534180 2.1 10 1214559 1.9 18.9 
65-70 4 644208 0.9 3 483156 0.7 25.0 
Total 6721 76089626 100 5982 65352634 100 14.1 
 
Fig. A 13 (a) Volume fraction and (b) removal efficiencies of oil droplet of Run 27 
The full set of results of Run 28 is presented in Table A 70 and Fig. A 14. Run 28 was 
conducted with similar conditions as Run 26, but without the presence of DAF. The oil droplet 
removal efficiency was found to be 12.6%, and Sauter mean diameter was 32 μm.  
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Table A 70 Run 28: P= 0 barg, Coil = 0.2% Qoil= 0.04 L/min, Lamp oil and Tap water 
  Inlet to DAF Outlet from DAF   
do Range 
(μm) 
Number 
Volume 
(μm3) 
Vf 
(%) 
Number 
Volume 
(μm3) 
Vf 
(%) 
ECC 
(%) 
15-20 2947 8269429 10.2 2745 7702511 10.8 7.0 
20-25 1502 8960757 11.1 1267 7554534 10.7 15.7 
25-30 837 9110012 11.3 711 7743238 11.0 15.0 
30-35 675 12129640 14.8 578 10381426 14.6 14.0 
35-40 477 13158659 15.8 420 11598398 16.0 11.6 
40-45 269 10823742 12.8 231 9266008 12.7 13.2 
45-50 118 6622436 8.2 104 5836723 8.3 12.0 
50-55 78 5910544 7.2 71 5380110 7.4 9.9 
55-60 48 4778589 5.6 43 4280820 5.8 11.1 
60-65 13 1662028 2.1 12 1470256 2.2 11.2 
65-70 4 644208 0.8 3 483156 0.7 25.0 
Total 6967 82070044 100 6183 71697179 100 12.6 
 
Fig. A 14 (a) Volume fraction and (b) removal efficiencies of oil droplet of Run 28 
The results of Run 29 are presented in Table A 71. Run 29 conducted at 4 barg, vegetable oil 
and tap water at Coil(in) = 0.06%. However, oil droplets were spotted up to 40-45μm only. This was 
caused by the high flow rate of the mixture into the flotation tank, which was at 25 L/min and low 
inlet oil concentration. The oil droplet removal efficiency was found to be 58.9%, and the Sauter 
mean diameter was 22.4 μm.  
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Table A 71 Run 29 P= 4 barg, Coil = 0.06% Qoil= 0.02 L/min, Veg. oil and Tap water 
 Inlet to DAF Outlet from DAF   
do Range 
(μm) 
Number 
Volume 
(μm3) 
Vf 
(%) 
Number 
Volume 
(μm3) 
Vf (%) 
ECC 
(%) 
15-20 1668 4681285 33.6 905 2538503 43.7 45.7 
20-25 675 4023319 28.4 257 1529994 26.1 62.0 
25-30 262 2847900 19.3 98 1067282 18.2 57.7 
30-35 105 1887532 13.1 29 512330 8.7 72.3 
35-40 18 497074 3.7 5 124269 2.2 75.1 
40-45 6 241198 1.9 2 60299 1.1 85.7 
45-50               
Total 2733 14178308 100 1294 5832677 100 58.9 
 
Fig. A 15 (a) Volume fraction and (b) removal efficiencies of oil droplet of Run 29 
The results of Run 30 are presented in Table A 72. Similar experiments as Run 29 but 
conducted with lamp oil. The oil droplets were traced up to 40 μm and nothing after that size 
range. This was because of a lower inlet oil concentration 0.05% and higher mixture flow rate into 
DAF (25 L/min). The oil droplet removal efficiency was found to be 31.4% with Sauter mean 
diameter of 24.7 μm.  
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Table A 72 Run 30 : P= 4 barg, Coil = 0.05% Qoil= 0.02 L/min, lamp oil and Tap water 
  Inlet to DAF Outlet from DAF   
do Range 
(μm) 
Number 
Volume 
(μm3) 
Vf 
(%) 
Number 
Volume 
(μm3) 
Vf 
(%) 
ECC 
(%) 
15-20 1420 3985267 32.8 1188 3332750 39.9 16.7 
20-25 716 4270862 35.6 457 2722973 33.2 36.2 
25-30 207 2254360 18.8 123 1339548 16.3 40.6 
30-35 64 1141507 9.4 35 629177 7.6 44.5 
35-40 15 414229 3.4 9 248537 3.0 39.2 
40-45               
Total 2422 12066225 100 1811 8272984 100 31.4 
 
Fig. A 16 (a) Volume fraction and (b) removal efficiencies of oil droplet of Run 30 
The results of Run 31 are shown in Table A 73. This run was replicated from run 30 but at Coil 
= 0.2% and 30 L/min of the mixture into DAF tank. Only small oil droplets were spotted in these 
experiments which up to 40 μm. The oil droplet removal efficiency was found to be 11.7% with 
Sauter mean diameter of 26.1 μm.  
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Table A 73 Run 31 : P= 4 barg, Coil = 0.2% Qoil= 0.06 L/min, lamp oil and Tap water 
  Inlet to DAF Outlet from DAF   
do Range 
(μm) 
Number 
Volume 
(μm3) 
Vf (%) Number 
Volume 
(μm3) 
Vf 
(%) 
ECC 
(%) 
15-20 4294 12051223 19.2 3851 10807932 19.4 10.5 
20-25 2088 12454692 19.7 1845 11005223 19.8 11.8 
25-30 854 9300598 14.8 742 8075402 14.5 13.4 
30-35 803 14426137 22.9 704 12646464 22.7 12.4 
35-40 535 14774150 23.4 474 13075813 23.5 11.5 
40-45               
Total 8574 63006800 100 7615 55610835 100 11.7 
 
Fig. A 17 (a) Volume fraction and (b) removal efficiencies of oil droplet of Run 31 
The results of Run 32 are presented in Table A 74. This run was replicated from run 31 but at 
lower Coil(in) = 0.1%. The oil droplets were spotted up to 40 μm. The oil droplet removal efficiency 
was found to be 10.4% with Sauter mean diameter of 26.6 μm.  
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Table A 74 Run 32 : P= 4 barg, Coil(in) = 0.1% Qoil= 0.03 L/min, lamp oil and Tap water 
  Inlet to DAF Outlet from DAF   
do Range 
(μm) 
Number 
Volume 
(μm3) 
Vf (%) Number 
Volume 
(μm3) 
Vf 
(%) 
ECC 
(%) 
15-20 4906 13768817 20.6 4354 12218211 20.4 11.2 
20-25 2279 13591003 20.3 2082 12415920 20.7 9.0 
25-30 1084 11805443 17.6 962 10476786 17.4 11.5 
30-35 740 13302606 19.9 652 11711686 19.5 11.7 
35-40 523 14442768 21.6 476 13131044 21.9 9.0 
40-45               
45-50               
50-55               
55-60               
Total 9532 66910637 100 8524 59953648 100 10.4 
 
Fig. A 18 (a) Volume fraction and (b) removal efficiencies of oil droplet of Run 32 
The results of Run 33 are presented in Table A 75 and Fig. A 19. This experiments involved 
vegetable oil with tap water conducted at 4 barg, Coil(in) = 0.2% and mixture flow rate at 30 L/min. 
The oil droplets were spotted up to 55 μm because of high flow rate. The oil droplet removal 
efficiency of this run was found to be 10.1%, and Sauter mean diameter of 29.2 μm.  
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Table A 75 Run 33 : P= 4 barg, Coil(in) = 0.2% Qoil= 0.06 L/min, Veg. oil and Tap water 
  Inlet to DAF Outlet from DAF   
do Range 
(μm) 
Number 
Volume 
(μm3) 
Vf 
(%) 
Number 
Volume 
(μm3) 
Vf 
(%) 
ECC 
(%) 
15-20 15596 43770580 10.5 14548 40829341 10.8 6.6 
20-25 11548 68879574 16.4 10497 62610474 16.5 9.2 
25-30 7657 83384110 19.8 7164 78020475 20.6 6.5 
30-35 4355 78278647 18.6 3760 67591620 17.9 13.5 
35-40 1764 48699466 11.6 1514 41795657 11.0 14.2 
40-45 904 36320338 8.7 831 33405867 8.9 8.0 
45-50 665 37321355 8.9 594 33336669 8.8 10.7 
50-55 311 23566399 5.6 269 20345911 5.4 13.6 
55-60               
Total 42798 420220469 100 39176 377936014 100 10.1 
 
Fig. A 19 (a) Volume fraction and (b) removal efficiencies of oil droplet of Run 33 
The results of Run 34 are presented in Table A 76 and Fig. A 20. This run was replicated from 
run 35 apart from conducted at lower inlet oil concentration Coil = 0.1%. The oil droplets also were 
spotted up to 55 μm. The oil droplet removal efficiency was found to be 11.6%, and Sauter mean 
diameter of 29.9 μm. 
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Table A 76 Run 34 : P= 4 barg, Coil = 0.1% Qoil= 0.04 L/min, Veg. oil and Tap water 
  Inlet to DAF Outlet from DAF   
do Range 
(μm) 
Number 
Volume 
(μm3) 
Vf 
(%) 
Number 
Volume 
(μm3) 
Vf 
(%) 
ECC 
(%) 
15-20 14853 41683928 9.4 13555 38042460 9.7 8.7 
20-25 11428 68166770 15.3 10303 61456268 15.6 9.9 
25-30 7086 77165560 17.4 6348 69128275 17.6 10.4 
30-35 4733 85073762 19.2 4162 74809183 19.1 12.0 
35-40 2050 56611230 12.7 1801 49721229 12.7 12.1 
40-45 1131 45465746 10.2 965 38772513 9.9 14.2 
45-50 781 43831546 9.9 680 38163190 9.7 13.0 
50-55 345 26142790 5.9 296 22429756 5.7 13.9 
55-60               
Total 42406 444141333 100 38108 392522876 100 11.6 
 
Fig. A 20 (a) Volume fraction and (b) removal efficiencies of oil droplet of Run 34 
Run 35 from Table A 77 until Run 40 from Table A 82 has been discussed in Section 5.6. 
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Table A 77 Run 35 P= 4 barg, Coil = 0.2% Qoil= 0.04 L/min, Lamp oil and Tap water, Alum 
2 g/L 
  Inlet to DAF Outlet from DAF   
do Range 
(μm) 
Number 
Volume 
(μm3) 
Vf 
(%) 
Number 
Volume 
(μm3) 
Vf 
(%) 
ECC 
(%) 
15-20 4388 12315036 0.5 3708 10406599 0.9 15.6 
20-25 3696 22043253 0.9 2772 16531694 1.4 25.0 
25-30 4432 48261828 2.0 3298 35917298 2.9 25.6 
30-35 6734 121044728 4.9 4877 87671365 7.2 27.6 
35-40 7809 215647365 8.8 3775 104233702 8.5 51.6 
40-45 8171 328470923 13.4 3849 154708157 12.7 52.9 
45-50 7119 399506867 16.3 3652 204958780 16.8 48.6 
50-55 5318 402977848 16.4 2559 193911304 15.9 51.8 
55-60 3658 364118545 14.8 1790 178151780 14.6 50.7 
60-65 1764 225460490 9.2 690 88215332 7.2 60.3 
65-70 863 138907390 5.7 424 68205542 5.6 50.7 
70-75 365 72738859 3.0 157 31330592 2.6 56.9 
75-80 414 100794202 4.1 198 48142334 3.9 52.2 
Total 54727 2452287335 100 31746 1222384479 100 50.2 
 
Table A 78 Run 36 P= 4 barg, Coil = 0.2 % Qoil= 0.04 L/min, Veg. oil and Tap water, Alum 
2 g/L 
  Inlet to DAF Outlet from DAF   
do Range 
(μm) 
Number 
Volume 
(μm3) 
Vf 
(%) 
Number 
Volume 
(μm3) 
Vf 
(%) 
ECC 
(%) 
15-20 3682 10333629 0.6 2033 5705667 1.1 44.8 
20-25 4713 28112530 1.6 2625 15654855 3.2 44.5 
25-30 4961 54028416 3.0 2615 28473553 5.8 47.4 
30-35 6509 117009005 6.5 3097 55673204 11.2 52.4 
35-40 7054 194784056 10.9 2183 60270249 12.1 69.1 
40-45 6009 241559390 13.5 1770 71133190 14.2 70.5 
45-50 3808 213685804 11.9 1011 56711623 11.2 73.7 
50-55 3322 251728547 14.0 900 68160695 13.7 72.8 
55-60 2503 249183519 13.8 596 59284373 11.7 76.7 
60-65 1306 166969889 9.3 296 37779175 7.6 77.3 
65-70 887 142772640 8.0 178 28667264 5.8 79.9 
70-75 382 76131343 4.2 42 8381432 1.7 88.5 
75-80 213 51920593 2.9 17 4143897 0.8 91.9 
Total 45347 1798219359 100 17359 500039179 100 72.2 
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Table A 79 Run 37 P= 4 barg, Coil = 0.2% Qoil= 0.04 L/min, Lamp oil and Tap water, Alum 
2.5 g/L 
  Inlet to DAF Outlet from DAF   
do Range 
(μm) 
Number 
Volume 
(μm3) 
Vf 
(%) 
Number Volume (μm3) 
Vf 
(%) 
ECC 
(%) 
15-20 4172 11708827 0.4 2661 7468166 0.9 36.1 
20-25 3752 22377287 0.8 2347 13996616 1.6 37.5 
25-30 4559 49650383 1.9 2782 30297733 3.5 38.8 
30-35 6823 122653624 4.6 3672 66000701 7.5 46.3 
35-40 8023 221557025 8.3 3228 89128169 10.2 59.8 
40-45 8166 328269925 12.3 2782 111815185 12.8 65.9 
45-50 7026 394315551 14.8 2064 115808446 13.2 70.6 
50-55 5645 427718779 16.1 1531 115975479 13.2 72.9 
55-60 4086 406727633 15.3 1117 111151977 12.7 72.6 
60-65 2062 263559285 9.9 683 87320394 10.0 66.8 
65-70 1285 206951880 7.8 422 67883438 7.7 67.1 
70-75 688 137295843 5.1 167 33226392 3.8 74.6 
75-80 292 71177526 2.7 109 26569693 3.0 62.7 
Total 56577 2663963568 100 23561 876642387 100 67.1 
 
Table A 80 Run 38 P= 4 barg, Coil = 0.2% Qoil= 0.04 L/min, Veg. oil and Tap water 2.5 g/L 
  Inlet to DAF Outlet from DAF   
do Range 
(μm) 
Number 
Volume 
(μm3) 
Vf 
(%) 
Number 
Volume 
(μm3) 
Vf (%) 
ECC 
(%) 
15-20 5095 14299250 0.7 2297 6445187 1.9 55.2 
20-25 5263 31393219 1.5 2513 14986788 4.3 52.0 
25-30 5421 59038106 2.7 1955 21291182 6.0 63.5 
30-35 6718 120757104 5.6 2473 44455872 12.5 63.6 
35-40 8207 226624421 10.5 2035 56197002 16.1 75.2 
40-45 7656 307768130 14.3 1405 56480437 15.4 81.4 
45-50 5923 332412611 15.3 734 41193796 11.7 87.7 
50-55 3288 249114268 11.6 444 33644634 9.6 86.4 
55-60 2505 249332850 11.6 319 31757708 9.3 87.2 
60-65 1494 191005371 8.8 125 15981038 4.6 91.5 
65-70 961 154771017 7.2 91 14575210 4.2 90.6 
70-75 752 149967770 6.9 45 8980106 2.5 94.1 
75-80 297 72396319 3.4 26 6337725 1.8 91.3 
Total 53578 2158880437 100 14461 352326685 100 83.7 
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Table A 81 Run 39 P= 4 barg, Coil = 0.2% Qoil= 0.04 L/min, Lamp oil and Tap water, Alum 
1.5 g/L 
  Inlet to DAF Outlet from DAF   
do Range 
(μm) 
Number 
Volume 
(μm3) 
Vf 
(%) 
Number 
Volume 
(μm3) 
Vf 
(%) 
ECC 
(%) 
15-20 4928 13829157 0.5 4188 11753731 0.7 15.0 
20-25 4423 26379729 0.9 3563 21252905 1.3 19.4 
25-30 4748 51703267 1.7 3716 40469582 2.5 21.6 
30-35 7906 142113180 4.8 5779 103886163 6.3 27.1 
35-40 8050 222302637 7.4 5346 147631043 9.0 33.6 
40-45 8163 328129226 11.0 4271 171692487 10.4 47.7 
45-50 7054 395858915 13.2 4017 225415373 13.7 43.0 
50-55 5874 445071529 14.8 3264 247333527 15.0 44.4 
55-60 4781 475967400 15.8 2600 258790474 15.7 45.8 
60-65 2609 333556234 11.2 1286 164348999 10.0 51.7 
65-70 1542 248342256 8.3 617 99288587 6.0 59.9 
70-75 963 192174269 6.4 468 93293324 5.7 51.3 
75-80 497 121026170 4.0 259 63133491 3.8 48.1 
Total 61534 2996453969 100 39372 1648289686 100 45.0 
 
Table A 82 Run 40 P= 4 barg, Coil = 0.2% Qoil= 0.04 L/min, Veg. oil and Tap water, Alum 
1.5 g/L 
  Inlet to DAF Outlet from DAF   
do Range 
(μm) 
Number 
Volume 
(μm3) 
Vf 
(%) 
Number 
Volume 
(μm3) 
Vf 
(%) 
ECC 
(%) 
15-20 4927 13826351 0.6 3489 9790566 1.1 29.3 
20-25 5766 34390577 1.5 3809 22717286 2.6 33.9 
25-30 6867 74780512 3.1 4084 44477334 5.0 39.8 
30-35 7725 138868422 5.9 4091 73532852 8.3 47.0 
35-40 8253 227894722 9.6 4213 116342982 13.1 48.9 
40-45 8057 323888169 13.7 2827 113624166 12.8 64.9 
45-50 7082 397458402 16.8 2953 165701205 18.6 58.5 
50-55 4058 307499832 12.9 1448 109686054 12.3 64.4 
55-60 3047 303291086 12.8 1105 109957330 12.3 63.8 
60-65 1514 193562337 8.2 403 51522868 5.8 73.3 
65-70 1002 161293625 6.8 242 38894069 4.4 75.9 
70-75 682 136098496 5.8 148 29534571 3.4 79.1 
75-80 230 55942610 2.4 17 4143897 0.5 92.3 
Total 59207 2368795141 100 28825 889925180 100 62.4 
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Table A 83 Run 41 P= 3 barg, Coil = 0.1% Qoil= 0.03 L/min, Lamp oil and Tap water 
  Inlet to DAF Outlet from DAF  
do Range 
(μm) 
Number 
Volume 
(μm3) 
Vf 
(%) 
Number 
Volume 
(μm3) 
Vf 
(%) 
ECC 
(%) 
15-20 2859 8022455 9.9 2491 6989653 12.2 12.9 
20-25 1793 10695049 13.3 1234 7357693 12.9 31.2 
25-30 1314 14310288 17.7 899 9790677 17.1 31.6 
30-35 771 13850889 17.2 563 10111778 17.6 27.0 
35-40 413 11405092 14.1 290 8008418 14.0 29.8 
40-45 240 9647904 12.0 155 6210838 10.8 35.6 
45-50 96 5359683 6.6 59 3311218 5.8 38.2 
50-55 52 3902474 4.8 30 2273286 4.0 41.7 
55-60 20 1941302 2.4 15 1493309 2.6 23.1 
60-65 6 767090 1.0 6 767090 1.3 0.0 
65-70 5 805260 1.0 6 966312 1.7 -20.0 
70-75        
75-80        
Total 7567 80707486 100 5746 57280272 100 29.0 
 
Table A 84 Run 42 P= 3 barg, Coil = 0.2% Qoil= 0.06 L/min, Lamp oil and Tap water 
 Inlet to DAF Outlet from DAF  
do Range 
(μm) 
Number 
Volume 
(μm3) 
Vf 
(%) 
Number 
Volume 
(μm3) 
Vf 
(%) 
ECC 
(%) 
15-20 2923 8203476 10.0 2536 7115947 11.2 13.3 
20-25 1552 9257510 11.3 1299 7745410 12.2 16.3 
25-30 1265 13776647 16.8 972 10580247 16.7 23.2 
30-35 763 13707077 16.8 602 10821850 17.1 21.0 
35-40 424 11695052 14.3 326 9002566 14.2 23.0 
40-45 293 11778482 14.4 220 8823812 13.9 25.1 
45-50 86 4798460 5.9 58 3227034 5.1 32.7 
50-55 57 4319244 5.3 39 2917384 4.6 32.5 
55-60 25 2488849 3.0 15 1443532 2.3 42.0 
60-65 8 958862 1.2 7 831014 1.3 13.3 
65-70 5 805260 1.0 6 966312 1.5 -20.0 
70-75        
75-80        
Total 7399 81788919 100 6076 63475109 100 22.4 
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Table A 85 Run 43 P= 3 barg, Coil = 0.1% Qoil= 0.04 L/min, Veg. oil and Tap water 
 Inlet to DAF Outlet from DAF  
do Range 
(μm) 
Number 
Volume 
(μm3) 
Vf 
(%) 
Number 
Volume 
(μm3) 
Vf 
(%) 
ECC 
(%) 
15-20 5068 14222071 10.5 3741 10497811 16.7 26.1 
20-25 3073 18330109 13.5 1831 10921715 17.4 40.4 
25-30 1739 18938806 14.0 1025 11157451 17.7 41.0 
30-35 974 17509106 13.0 505 9069142 14.4 48.2 
35-40 689 19026896 14.1 308 8491685 13.5 55.3 
40-45 372 14934151 11.1 139 5567644 8.8 62.8 
45-50 191 10691305 7.9 47 2637750 4.2 75.2 
50-55 99 7501844 5.5 23 1704965 2.7 77.3 
55-60 67 6670114 4.9 15 1443532 2.3 78.3 
60-65 32 4027222 3.0 7 894938 1.4 78.2 
65-70 13 2013151 1.5 2 322104 0.5 84.0 
70-75 7 1297126 1.0 1 199558 0.3 84.5 
75-80               
Total 12321 135161901 100 7640 62908293 100 53.5 
 
Table A 86 Run 44 P= 3 barg, Coil = 0.2% Qoil= 0.06 L/min, Veg. oil and Tap water 
 Inlet to DAF Outlet from DAF  
do Range 
(μm) 
Number 
Volume 
(μm3) 
Vf 
(%) 
Number 
Volume 
(μm3) 
Vf 
(%) 
ECC 
(%) 
15-20 5087 14275395 10.6 4234 11882831 14.1 16.8 
20-25 2779 16573449 12.3 2247 13403109 15.9 19.2 
25-30 1739 18933361 14.1 1260 13722194 16.2 27.6 
30-35 944 16960823 12.6 627 11262274 13.3 33.6 
35-40 754 20808079 15.5 464 12799661 15.1 38.5 
40-45 352 14130159 10.5 196 7859022 9.3 44.1 
45-50 181 10158143 7.6 86 4798460 5.7 52.7 
50-55 90 6819858 5.1 37 2803720 3.3 58.8 
55-60 70 6968776 5.2 28 2787510 3.3 60.1 
60-65 38 4794312 3.6 17 2109497 2.5 56.2 
65-70 15 2415781 1.8 5 724734 0.9 69.9 
70-75 8 1596463 1.2 2 399116 0.5 75.0 
75-80               
Total 12054 134434598 100 9200 84552128 100 37.1 
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Linear Correlation Regression 
Table A 87 Linear correlation multiple regression 
   
L/min L/min E  
Coil 
(%) IS 
P 
(bar) 
S 
(N/m) ρ Rey d32/L 
Recycle 
Ratio 
1 No DAF, Lamp oil + Tap water 
45 20 0.337 0.06 0.00 0.0 0.03 0.81 333.3 2.88E-05 0.2 
45 20 0.233 0.12 0.00 0.0 0.03 0.81 333.3 2.88E-05 0.2 
45 20 0.201 0.17 0.00 0.0 0.03 0.81 333.3 2.88E-05 0.2 
2 4 barg, Lamp oil + Tap water 
45 20 0.469 0.06 0.00 4.0 0.03 0.81 333.3 2.91E-05 0.2 
45 20 0.328 0.11 0.00 4.0 0.03 0.81 333.3 2.91E-05 0.2 
45 20 0.258 0.16 0.00 4.0 0.03 0.81 333.3 2.91E-05 0.2 
3 4 barg, Lamp oil + Salty water 
45 20 0.770 0.06 1.00 4.0 0.11 0.81 333.3 3.10E-05 0.2 
45 20 0.661 0.11 1.00 4.0 0.11 0.81 333.3 3.10E-05 0.2 
45 20 0.590 0.17 1.00 4.0 0.11 0.81 333.3 3.10E-05 0.2 
4 3 barg, Lamp oil + Salty water 
45 20 0.710 0.07 1.00 3.0 0.11 0.81 333.3 3.10E-05 0.2 
45 20 0.574 0.11 1.00 3.0 0.11 0.81 333.3 3.10E-05 0.2 
45 20 0.460 0.15 1.00 3.0 0.11 0.81 333.3 3.10E-05 0.2 
5 No DAF, Veg oil + Tap water 
45 20 0.509 0.04 0.00 0.0 0.30 0.90 333.3 3.14E-05 0.2 
45 20 0.417 0.11 0.00 0.0 0.30 0.90 333.3 3.14E-05 0.2 
45 20 0.310 0.23 0.00 0.0 0.30 0.90 333.3 3.14E-05 0.2 
6 No DAF, Veg oil + Salty water 
45 20 0.602 0.04 1.00 0.0 0.39 0.90 333.3 3.14E-05 0.2 
45 20 0.528 0.11 1.00 0.0 0.39 0.90 333.3 3.14E-05 0.2 
45 20 0.419 0.22 1.00 0.0 0.39 0.90 333.3 3.14E-05 0.2 
7 4 barg, Veg oil + Salty water  
45 20 0.912 0.04 1.00 4.0 0.39 0.90 333.3 3.12E-05 0.2 
45 20 0.869 0.11 1.00 4.0 0.39 0.90 333.3 3.12E-05 0.2 
45 20 0.824 0.22 1.00 4.0 0.39 0.90 333.3 3.12E-05 0.2 
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8 4 barg, Veg oil + Tap water 
45 20 0.714 0.04 0.00 4.0 0.30 0.90 333.3 3.12E-05 0.2 
45 20 0.606 0.11 0.00 4.0 0.30 0.90 333.3 3.12E-05 0.2 
45 20 0.495 0.22 0.00 4.0 0.30 0.90 333.3 3.12E-05 0.2 
9 No DAF, Lamp oil+ Salty water 
45 20 0.533 0.06 1.00 0.0 0.11 0.81 333.3 2.88E-05 0.2 
45 20 0.429 0.13 1.00 0.0 0.11 0.81 333.3 2.88E-05 0.2 
45 20 0.353 0.17 1.00 0.0 0.11 0.81 333.3 2.88E-05 0.2 
10 4 barg, Veg oil + Salty water + 35 °C 
45 20 0.910 0.05 1.00 4.0 0.39 0.90 459.5 3.12E-05 0.2 
45 20 0.887 0.12 1.00 4.0 0.39 0.90 459.5 3.12E-05 0.2 
45 20 0.845 0.23 1.00 4.0 0.39 0.90 459.5 3.12E-05 0.2 
11 No DAF, Lamp oil+ Tap water + 35 °C 
45 20 0.351 0.07 0.00 0.0 0.03 0.81 459.5 2.88E-05 0.2 
45 20 0.265 0.13 0.00 0.0 0.03 0.81 459.5 2.88E-05 0.2 
45 20 0.182 0.18 0.00 0.0 0.03 0.81 459.5 2.88E-05 0.2 
12 3 barg, Lamp oil + Tap water 
30 20 0.267 0.11 0.00 3.0 0.03 0.81 333.3 3.04E-05 0.2 
30 20 0.209 0.21 0.00 3.0 0.03 0.81 333.3 3.09E-05 0.2 
13 3 barg, Veg oil + Tap water 
30 20 0.537 0.10 0.00 3.0 0.30 0.90 333.3 3.16E-05 0.2 
30 20 0.371 0.19 0.00 3.0 0.30 0.90 333.3 3.16E-05 0.2 
14 4 barg, Lamp oil + Tap water + Alum 1.0 g/L 30 20 0.417 0.20 0.55 4.0 0.15 0.81 333.3 4.71E-05 0.2 
15 4 barg, Veg oil + Tap water + Alum 1.0 g/L 30 20 0.497 0.25 0.55 4.0 0.30 0.90 333.3 3.16E-05 0.2 
16 4 barg, Veg. oil + Tap water + Alum 1.5 g/L 30 20 0.563 0.25 0.82 4.0 0.32 0.90 333.3 4.66E-05 0.2 
17 4 barg, Lamp oil + Tap water + Alum 1.5 g/L 30 20 0.448 0.24 0.82 4.0 0.15 0.81 333.3 4.90E-05 0.2 
18 4 barg, Lamp oil + Tap water + Alum 2.0 g/L 30 20 0.504 0.21 1.10 4.0 0.15 0.81 333.3 4.75E-05 0.2 
19 4 barg, Veg oil + Tap water + Alum 2.0 g/L 30 20 0.736 0.21 1.10 4.0 0.32 0.90 333.3 4.68E-05 0.2 
20 4 barg, Veg oil + Tap water + Alum 2.5 g/L 30 20 0.823 0.24 1.37 4.0 0.32 0.90 333.3 4.68E-05 0.2 
21 4 barg, lamp oil + Tap water + Alum 2.5 g/L 30 20 0.616 0.24 1.37 4.0 0.15 0.81 333.3 4.87E-05 0.2 
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22 4 barg, Lamp oil + Tap water 
45 20 0.197 0.20 0.00 4.0 0.03 0.81 333.3 2.92E-05 0.2 
45 20 0.245 0.20 0.00 4.0 0.03 0.81 333.3 2.90E-05 0.2 
45 20 0.270 0.10 0.00 4.0 0.03 0.81 333.3 2.80E-05 0.2 
45 20 0.275 0.10 0.00 4.0 0.03 0.81 333.3 3.00E-05 0.2 
23 No DAF, Lamp oil + Tap water 
45 20 0.273 0.10 0.00 0.0 0.03 0.81 333.3 2.82E-05 0.2 
45 20 0.251 0.10 0.00 0.0 0.03 0.81 333.3 2.94E-05 0.2 
45 20 0.195 0.20 0.00 0.0 0.03 0.81 333.3 2.92E-05 0.2 
45 20 0.206 0.20 0.00 0.0 0.03 0.81 333.3 2.90E-05 0.2 
24 4 barg, Veg. oil + Tap water 
45 20 0.447 0.20 0.00 4.0 0.30 0.90 333.3 3.19E-05 0.2 
45 20 0.470 0.20 0.00 4.0 0.30 0.90 333.3 3.32E-05 0.2 
45 20 0.618 0.10 0.00 4.0 0.30 0.90 333.3 3.07E-05 0.2 
45 20 0.625 0.10 0.00 4.0 0.30 0.90 333.3 3.16E-05 0.2 
25 No DAF, Veg. oil + Tap water 
45 20 0.183 0.20 0.00 0.0 0.30 0.90 333.3 3.15E-05 0.2 
45 20 0.231 0.20 0.00 0.0 0.30 0.90 333.3 3.14E-05 0.2 
45 20 0.335 0.10 0.00 0.0 0.30 0.90 333.3 2.93E-05 0.2 
45 20 0.328 0.10 0.00 0.0 0.30 0.90 333.3 2.97E-05 0.2 
26 4 barg, Lamp oil + Tap water 
30 20 0.320 0.10 0.00 4.0 0.03 0.81 333.3 2.97E-05 0.2 
30 20 0.312 0.10 0.00 4.0 0.03 0.81 333.3 3.32E-05 0.2 
30 20 0.294 0.20 0.00 4.0 0.03 0.81 333.3 3.07E-05 0.2 
30 20 0.284 0.20 0.00 4.0 0.03 0.81 333.3 2.97E-05 0.2 
27 No DAF, Lamp oil + Tap water 
30 20 0.155 0.20 0.00 0.0 0.03 0.81 333.3 3.03E-05 0.2 
30 20 0.171 0.20 0.00 0.0 0.03 0.81 333.3 3.19E-05 0.2 
30 20 0.211 0.10 0.00 0.0 0.03 0.81 333.3 2.98E-05 0.2 
30 20 0.212 0.10 0.00 0.0 0.03 0.81 333.3 2.96E-05 0.2 
28 4 barg, Veg. oil + Tap water 
30 10 0.731 0.10 0.00 4.0 0.30 0.90 166.7 2.71E-05 0.4 
30 10 0.791 0.10 0.00 4.0 0.30 0.90 166.7 3.00E-05 0.4 
30 10 0.531 0.20 0.00 4.0 0.30 0.90 166.7 2.92E-05 0.4 
30 10 0.514 0.20 0.00 4.0 0.30 0.90 166.7 2.93E-05 0.4 
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29 4 barg, Veg. oil + Tap water 
30 15 0.710 0.10 0.00 4.0 0.30 0.90 250.0 2.69E-05 0.3 
30 15 0.711 0.10 0.00 4.0 0.30 0.90 250.0 2.60E-05 0.3 
30 15 0.528 0.20 0.00 4.0 0.30 0.90 250.0 2.94E-05 0.3 
30 15 0.509 0.20 0.00 4.0 0.30 0.90 250.0 2.79E-05 0.3 
30 4 barg, Veg. oil + Tap water 
30 20 0.466 0.20 0.00 4.0 0.30 0.90 333.3 2.99E-05 0.2 
30 20 0.441 0.20 0.00 4.0 0.30 0.90 333.3 2.89E-05 0.2 
30 20 0.658 0.10 0.00 4.0 0.30 0.90 333.3 2.94E-05 0.2 
30 20 0.638 0.10 0.00 4.0 0.30 0.90 333.3 2.86E-05 0.2 
31 4 barg, Lamp oil + Tap water 
30 10 0.370 0.10 0.00 4.0 0.03 0.81 166.7 3.11E-05 0.4 
30 10 0.373 0.10 0.00 4.0 0.03 0.81 166.7 3.14E-05 0.4 
30 10 0.328 0.20 0.00 4.0 0.03 0.81 166.7 3.07E-05 0.4 
30 10 0.327 0.20 0.00 4.0 0.03 0.81 166.7 3.09E-05 0.4 
32 4 barg, Lamp oil + Tap water 
30 15 0.361 0.10 0.00 4.0 0.03 0.81 250.0 3.15E-05 0.3 
30 15 0.361 0.10 0.00 4.0 0.03 0.81 250.0 3.16E-05 0.3 
30 15 0.321 0.20 0.00 4.0 0.03 0.81 250.0 3.18E-05 0.3 
30 15 0.286 0.20 0.00 4.0 0.03 0.81 250.0 3.19E-05 0.3 
33 4 barg, Lamp oil + Tap water 
30 25 0.327 0.05 0.00 4.0 0.03 0.81 416.7 2.24E-05 0.2 
30 25 0.303 0.05 0.00 4.0 0.03 0.81 416.7 2.19E-05 0.2 
30 25 0.272 0.10 0.00 4.0 0.03 0.81 416.7 3.20E-05 0.2 
30 25 0.273 0.10 0.00 4.0 0.03 0.81 416.7 3.20E-05 0.2 
30 25 0.231 0.20 0.00 4.0 0.03 0.81 416.7 3.17E-05 0.2 
30 25 0.274 0.20 0.00 4.0 0.03 0.81 416.7 3.23E-05 0.2 
34 No DAF, Lamp oil + Tap water 
30 25 0.141 0.10 0.00 0.0 0.03 0.81 416.7 3.10E-05 0.2 
30 25 0.141 0.10 0.00 0.0 0.03 0.81 416.7 3.17E-05 0.2 
30 25 0.124 0.20 0.00 0.0 0.03 0.81 416.7 3.16E-05 0.2 
30 25 0.128 0.20 0.00 0.0 0.03 0.81 416.7 3.26E-05 0.2 
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35 3 barg, Lamp oil + Tap water 
30 20 0.284 0.1 0.00 3.0 0.03 0.81 333.3 3.02E-05 0.2 
30 20 0.297 0.1 0.00 3.0 0.03 0.81 333.3 3.06E-05 0.2 
30 20 0.224 0.2 0.00 3.0 0.03 0.81 333.3 3.10E-05 0.2 
30 20 0.224 0.2 0.00 3.0 0.03 0.81 333.3 3.08E-05 0.2 
36 3 barg, Veg oil + Tap water 
30 20 0.522 0.1 0.00 3.0 0.30 0.90 333.3 3.16E-05 0.2 
30 20 0.547 0.1 0.00 3.0 0.30 0.90 333.3 3.11E-05 0.2 
30 20 0.357 0.2 0.00 3.0 0.30 0.90 333.3 3.18E-05 0.2 
30 20 0.385 0.2 0.00 3.0 0.30 0.90 333.3 3.15E-05 0.2 
37 4 barg, Lamp oil + Tap water + 2.0 g/L Alum 
30 20 0.491 0.2 1.10 4.0 0.15 0.81 333.3 4.71E-05 0.2 
30 20 0.511 0.2 1.10 4.0 0.15 0.81 333.3 4.75E-05 0.2 
38 4 barg, Veg oil + Tap water + 2.0 g/L Alum 
30 20 0.723 0.2 1.10 4.0 0.32 0.90 333.3 4.57E-05 0.2 
30 20 0.721 0.2 1.10 4.0 0.32 0.90 333.3 4.68E-05 0.2 
39 4 barg, Lamp oil + Tap water + 2.5 g/L Alum 
30 20 0.675 0.2 1.37 4.0 0.15 0.81 333.3 4.87E-05 0.2 
30 20 0.667 0.2 1.37 4.0 0.15 0.81 333.3 4.81E-05 0.2 
40 4 barg, Veg oil + Tap water + 2.5 g/L Alum 
30 20 0.856 0.2 1.37 4.0 0.32 0.90 333.3 4.62E-05 0.2 
30 20 0.819 0.2 1.37 4.0 0.32 0.90 333.3 4.68E-05 0.2 
41 4 barg, Lamp oil + Tap water + 1.5 g/L Alum 
30 20 0.432 0.2 0.82 4.0 0.15 0.81 333.3 4.90E-05 0.2 
30 20 0.467 0.2 0.82 4.0 0.15 0.81 333.3 4.91E-05 0.2 
42 4 barg, Veg oil + Tap water + 1.5 g/L Alum 
30 20 0.624 0.2 0.82 4.0 0.32 0.90 333.3 4.66E-05 0.2 
30 20 0.625 0.2 0.82 4.0 0.32 0.90 333.3 4.62E-05 0.2 
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Experiments Vs. Predicted Removal Efficiencies of Linear Correlation 
Table A 88 Experiments Vs. Predicted removal efficiencies of linear correlation 
SET Experiments 
Coil 
(%) 
Measured  Predicted SEE Total 
1 No DAF, Lamp oil + Tap water  
0.06 0.337 0.243 8.88E-03 
1.55E-02 0.12 0.233 0.185 2.30E-03 
0.17 0.201 0.134 4.37E-03 
2 4 barg, Lamp oil + Tap water  
0.06 0.469 0.399 4.92E-03 
7.16E-03 0.11 0.328 0.349 4.73E-04 
0.16 0.258 0.300 1.77E-03 
3 4 barg, Lamp oil + Salty water  
0.06 0.770 0.671 9.80E-03 
1.22E-02 0.11 0.661 0.619 1.72E-03 
0.17 0.590 0.563 6.91E-04 
4 3 barg, Lamp oil + Salty water 
0.07 0.710 0.620 8.12E-03 
1.52E-02 0.11 0.574 0.580 4.18E-05 
0.15 0.460 0.544 7.04E-03 
5 No DAF, Veg oil + Tap water 
0.04 0.509 0.468 1.65E-03 
3.61E-03 0.11 0.417 0.393 6.03E-04 
0.23 0.310 0.274 1.36E-03 
6 No DAF, Veg oil + Salty water  
0.04 0.602 0.743 2.00E-02 
6.04E-02 0.11 0.528 0.669 1.99E-02 
0.22 0.419 0.562 2.06E-02 
7 4 barg, Veg oil + Salty water  
0.04 0.912 0.904 6.35E-05 
1.16E-02 0.11 0.869 0.830 1.56E-03 
0.22 0.824 0.724 9.95E-03 
8 4 barg, Veg oil + Tap water  
0.04 0.714 0.629 7.20E-03 
1.19E-02 0.11 0.606 0.556 2.55E-03 
0.22 0.495 0.449 2.16E-03 
9 No DAF, Lamp oil+ Salty water 
0.06 0.533 0.514 3.64E-04 
3.70E-03 0.13 0.429 0.449 4.10E-04 
0.17 0.353 0.407 2.93E-03 
10 4 barg, Veg oil + Salty water + 35 °C 
0.05 0.910 0.944 1.11E-03 
1.01E-02 0.12 0.887 0.868 3.33E-04 
0.23 0.845 0.752 8.70E-03 
11 No DAF, Lamp oil+ Tap water + 35 °C 
0.07 0.351 0.277 5.40E-03 
8.42E-03 0.13 0.265 0.214 2.53E-03 
0.18 0.182 0.160 4.87E-04 
12 3 barg, Lamp oil + Tap water 
0.11 0.267 0.313 2.15E-03 
2.15E-03 
0.21 0.209 0.208 6.13E-07 
13 3 barg, Veg oil + Tap water 
0.10 0.537 0.525 1.36E-04 
4.17E-03 
0.19 0.371 0.435 4.04E-03 
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14 
4 barg, Lamp oil + Tap water + Alum 1.0 
g/L 
0.20 0.417 0.395 4.57E-04 4.57E-04 
15 
4 barg, Veg oil + Tap water + Alum 1.0 
g/L 
0.25 0.497 0.564 4.49E-03 4.49E-03 
16 
4 barg, Veg. oil + Tap water + Alum 1.5 
g/L 
0.25 0.563 0.617 2.98E-03 2.98E-03 
17 
4 barg, Lamp oil + Tap water + Alum 1.5 
g/L 
0.24 0.448 0.426 5.08E-04 5.08E-04 
18 
4 barg, Lamp oil + Tap water + Alum 2.0 
g/L 
0.21 0.504 0.528 5.61E-04 5.61E-04 
19 
4 barg, Veg oil + Tap water + Alum 2.0 
g/L 
0.21 0.736 0.728 6.11E-05 6.11E-05 
20 
4 barg, Veg oil + Tap water + Alum 2.5 
g/L 
0.24 0.823 0.774 2.37E-03 2.37E-03 
21 
4 barg, lamp oil + Tap water + Alum 2.5 
g/L 
0.24 0.616 0.572 1.97E-03 1.97E-03 
22 4 barg, Lamp oil + Tap water 
0.20 0.197 0.260 4.06E-03 
2.04E-02 
0.20 0.245 0.260 2.44E-04 
0.10 0.270 0.362 8.45E-03 
0.10 0.275 0.362 7.61E-03 
23 No DAF, Lamp oil + Tap water 
0.10 0.273 0.202 4.93E-03 
2.75E-02 
0.10 0.251 0.202 2.36E-03 
0.20 0.195 0.100 9.02E-03 
0.20 0.206 0.100 1.12E-02 
24 4 barg, Veg. oil + Tap water 
0.20 0.447 0.466 3.62E-04 
6.12E-03 
0.20 0.470 0.466 1.51E-05 
0.10 0.618 0.568 2.47E-03 
0.10 0.625 0.568 3.28E-03 
25 No DAF, Veg. oil + Tap water 
0.20 0.183 0.305 1.51E-02 
3.20E-02 
0.20 0.231 0.305 5.51E-03 
0.10 0.335 0.407 5.21E-03 
0.10 0.328 0.407 6.23E-03 
26 4 barg, Lamp oil + Tap water 
0.10 0.320 0.360 1.59E-03 
5.87E-03 
0.10 0.312 0.360 2.30E-03 
0.20 0.294 0.258 1.31E-03 
0.20 0.284 0.258 6.79E-04 
27 No DAF, Lamp oil + Tap water 
0.20 0.155 0.097 3.30E-03 
9.01E-03 
0.20 0.171 0.097 5.42E-03 
0.10 0.211 0.199 1.38E-04 
0.10 0.212 0.199 1.53E-04 
28 4 barg, Veg. oil + Tap water 
0.10 0.731 0.675 3.21E-03 
2.20E-02 
0.10 0.791 0.675 1.36E-02 
0.20 0.531 0.573 1.79E-03 
0.20 0.514 0.573 3.43E-03 
29 4 barg, Veg. oil + Tap water 
0.10 0.710 0.599 1.24E-02 
2.62E-02 
0.10 0.711 0.599 1.27E-02 
0.20 0.528 0.497 9.91E-04 
0.20 0.509 0.497 1.43E-04 
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30 4 barg, Veg. oil + Tap water 
0.20 0.466 0.470 1.36E-05 
1.26E-02 
0.20 0.441 0.470 8.49E-04 
0.10 0.658 0.572 7.44E-03 
0.10 0.638 0.572 4.34E-03 
31 4 barg, Lamp oil + Tap water 
0.10 0.370 0.462 8.38E-03 
1.84E-02 
0.10 0.373 0.462 7.90E-03 
0.20 0.328 0.360 1.02E-03 
0.20 0.327 0.360 1.06E-03 
32 4 barg, Lamp oil + Tap water 
0.10 0.361 0.383 4.75E-04 
2.56E-03 
0.10 0.361 0.383 4.86E-04 
0.20 0.321 0.281 1.58E-03 
0.20 0.286 0.281 2.27E-05 
33 4 barg, Lamp oil + Tap water 
0.05 0.327 0.411 7.02E-03 
3.49E-02 
0.05 0.303 0.411 1.16E-02 
0.10 0.272 0.360 7.69E-03 
0.10 0.273 0.360 7.58E-03 
0.20 0.231 0.258 7.00E-04 
0.20 0.274 0.258 2.52E-04 
34 No DAF, Lamp oil + Tap water 
0.10 0.141 0.194 2.88E-03 
7.96E-03 
0.10 0.141 0.194 2.81E-03 
0.20 0.124 0.092 9.89E-04 
0.20 0.128 0.092 1.28E-03 
35 3 barg, Lamp oil + Tap water 
0.10 0.284 0.320 1.29E-03 
1.89E-03 
0.10 0.297 0.320 5.25E-04 
0.20 0.224 0.218 4.03E-05 
0.20 0.224 0.218 3.69E-05 
36 3 barg, Veg oil + Tap water 
0.10 0.522 0.528 3.88E-05 
6.84E-03 
0.10 0.547 0.528 3.46E-04 
0.20 0.357 0.426 4.75E-03 
0.20 0.385 0.426 1.70E-03 
37 
4 barg, Lamp oil + Tap water + 2.0 g/L 
Alum 
0.20 0.491 0.538 2.20E-03 
2.94E-03 
0.20 0.511 0.538 7.42E-04 
38 
4 barg, Veg oil + Tap water + 2.0 g/L 
Alum 
0.20 0.723 0.739 2.69E-04 
5.83E-04 
0.20 0.721 0.739 3.13E-04 
39 
4 barg, Lamp oil + Tap water + 2.5 g/L 
Alum 
0.20 0.675 0.610 4.25E-03 
7.54E-03 
0.20 0.667 0.610 3.29E-03 
40 
4 barg, Veg oil + Tap water + 2.5 g/L 
Alum 
0.20 0.856 1.016 2.56E-02 
6.40E-02 
0.20 0.819 1.016 3.85E-02 
41 
4 barg, Lamp oil + Tap water + 1.5 g/L 
Alum 
0.20 0.432 0.463 9.69E-04 
9.87E-04 
0.20 0.467 0.463 1.79E-05 
42 
4 barg, Veg oil + Tap water + 1.5 g/L 
Alum 
0.20 0.624 0.666 1.76E-03 
3.46E-03 
0.20 0.625 0.666 1.70E-03 
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Inverse Hyperbolic Correlation Regression 
Table A 89 Inverse hyperbolic correlation regression 
SET Experiments  
To SM 
L/min 
To DAF 
L/min E Tanh-1 
Coil 
(%) Is 
P 
(bar) 
S 
 (N/m) ρ Rey d32/L 
Recycle 
ratio 
1 
No DAF, Lamp oil + Tap 
water 
45 20 0.337 -0.34 0.06 0.00 0.0 0.03 0.81 444.4 2.88E-05 0.20 
45 20 0.233 -0.60 0.12 0.00 0.0 0.03 0.81 444.4 2.88E-05 0.20 
45 20 0.201 -0.69 0.17 0.00 0.0 0.03 0.81 444.4 2.88E-05 0.20 
2 
4 barg, Lamp oil + Tap 
water 
45 20 0.469 -0.06 0.06 0.00 4.0 0.03 0.81 444.4 2.91E-05 0.20 
45 20 0.328 -0.36 0.11 0.00 4.0 0.03 0.81 444.4 2.91E-05 0.20 
45 20 0.258 -0.53 0.16 0.00 4.0 0.03 0.81 444.4 2.91E-05 0.20 
3 
4 barg, Lamp oil + Salty 
water 
45 20 0.770 0.60 0.06 1.00 4.0 0.11 0.81 444.4 3.10E-05 0.20 
45 20 0.661 0.33 0.11 1.00 4.0 0.11 0.81 444.4 3.10E-05 0.20 
45 20 0.590 0.18 0.17 1.00 4.0 0.11 0.81 444.4 3.10E-05 0.20 
4 
3 barg, Lamp oil + Salty 
water 
45 20 0.710 0.45 0.07 1.00 3.0 0.11 0.81 444.4 3.10E-05 0.20 
45 20 0.574 0.15 0.11 1.00 3.0 0.11 0.81 444.4 3.10E-05 0.20 
45 20 0.460 -0.08 0.15 1.00 3.0 0.11 0.81 444.4 3.10E-05 0.20 
5 No DAF, Veg oil + Tap water 
45 20 0.509 0.02 0.04 0.00 0.0 0.30 0.90 444.4 3.14E-05 0.20 
45 20 0.417 -0.17 0.11 0.00 0.0 0.30 0.90 444.4 3.14E-05 0.20 
45 20 0.310 -0.40 0.23 0.00 0.0 0.30 0.90 444.4 3.14E-05 0.20 
6 
No DAF, Veg oil + Salty 
water 
45 20 0.602 0.21 0.04 1.00 0.0 0.39 0.90 444.4 3.14E-05 0.20 
45 20 0.528 0.06 0.11 1.00 0.0 0.39 0.90 444.4 3.14E-05 0.20 
45 20 0.419 -0.16 0.22 1.00 0.0 0.39 0.90 444.4 3.14E-05 0.20 
7 4 barg, Veg oil + Salty water  
45 20 0.912 1.17 0.04 1.00 4.0 0.39 0.90 444.4 3.12E-05 0.20 
45 20 0.869 0.95 0.11 1.00 4.0 0.39 0.90 444.4 3.12E-05 0.20 
45 20 0.824 0.77 0.22 1.00 4.0 0.39 0.90 444.4 3.12E-05 0.20 
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8 4 barg, Veg oil + Tap water 
45 20 0.714 0.46 0.04 0.00 4.0 0.30 0.90 444.4 3.12E-05 0.20 
45 20 0.606 0.22 0.11 0.00 4.0 0.30 0.90 444.4 3.12E-05 0.20 
45 20 0.495 -0.01 0.22 0.00 4.0 0.30 0.90 444.4 3.12E-05 0.20 
9 
No DAF, Lamp oil+ Salty 
water 
45 20 0.533 0.07 0.06 1.00 0.0 0.11 0.81 444.4 2.88E-05 0.20 
45 20 0.429 -0.14 0.13 1.00 0.0 0.11 0.81 444.4 2.88E-05 0.20 
45 20 0.353 -0.30 0.17 1.00 0.0 0.11 0.81 444.4 2.88E-05 0.20 
10 
4 barg, Veg oil + Salty water 
+ 35 °C 
45 20 0.910 1.16 0.05 1.00 4.0 0.39 0.90 612.6 3.12E-05 0.20 
45 20 0.887 1.03 0.12 1.00 4.0 0.39 0.90 612.6 3.12E-05 0.20 
45 20 0.845 0.85 0.23 1.00 4.0 0.39 0.90 612.6 3.12E-05 0.20 
11 
No DAF, Lamp oil+ Tap 
water + 35 °C 
45 20 0.351 -0.31 0.07 0.00 0.0 0.03 0.81 612.6 2.88E-05 0.20 
45 20 0.265 -0.51 0.13 0.00 0.0 0.03 0.81 612.6 2.88E-05 0.20 
45 20 0.182 -0.75 0.18 0.00 0.0 0.03 0.81 612.6 2.88E-05 0.20 
12 
3 barg, Lamp oil + Tap 
water 
30 20 0.267 -0.51 0.11 0.00 3.0 0.03 0.81 444.4 3.04E-05 0.20 
30 20 0.209 -0.67 0.21 0.00 3.0 0.03 0.81 444.4 3.09E-05 0.20 
13 3 barg, Veg oil + Tap water 
30 20 0.537 0.07 0.10 0.00 3.0 0.30 0.90 444.4 3.16E-05 0.20 
30 20 0.371 -0.26 0.19 0.00 3.0 0.30 0.90 444.4 3.16E-05 0.20 
14 
4 barg, Lamp oil + Tap 
water + Alum 1.0 g/L 30 20 0.417 -0.17 0.20 0.55 4.0 0.15 0.81 444.4 4.71E-05 0.20 
15 
4 barg, Veg oil + Tap water 
+ Alum 1.0 g/L 30 20 0.497 -0.01 0.25 0.55 4.0 0.30 0.90 444.4 3.16E-05 0.20 
16 
4 barg, Veg. oil + Tap water 
+ Alum 1.5 g/L 30 20 0.563 0.13 0.25 0.82 4.0 0.32 0.90 444.4 4.66E-05 0.20 
17 
4 barg, Lamp oil + Tap 
water + Alum 1.5 g/L 30 20 0.448 -0.10 0.24 0.82 4.0 0.15 0.81 444.4 4.90E-05 0.20 
18 
4 barg, Lamp oil + Tap 
water + Alum 2.0 g/L 30 20 0.504 0.01 0.21 1.10 4.0 0.15 0.81 444.4 4.75E-05 0.20 
19 
4 barg, Veg oil + Tap water 
+ Alum 2.0 g/L 30 20 0.736 0.51 0.21 1.10 4.0 0.32 0.90 444.4 4.68E-05 0.20 
20 
4 barg, Veg oil + Tap water 
+ Alum 2.5 g/L 30 20 0.823 0.77 0.24 1.37 4.0 0.32 0.90 444.4 4.68E-05 0.20 
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21 
4 barg, lamp oil + Tap water 
+ Alum 2.5 g/L 30 20 0.616 0.24 0.24 1.37 4.0 0.15 0.81 444.4 4.87E-05 0.20 
22 
4 barg, Lamp oil + Tap 
water 
45 20 0.197 -0.70 0.20 0.00 4.0 0.03 0.81 444.4 2.92E-05 0.20 
45 20 0.245 -0.56 0.20 0.00 4.0 0.03 0.81 444.4 2.90E-05 0.20 
45 20 0.270 -0.50 0.10 0.00 4.0 0.03 0.81 444.4 2.80E-05 0.20 
45 20 0.275 -0.48 0.10 0.00 4.0 0.03 0.81 444.4 3.00E-05 0.20 
23 
No DAF, Lamp oil + Tap 
water 
45 20 0.273 -0.49 0.10 0.00 0.0 0.03 0.81 444.4 2.82E-05 0.20 
45 20 0.251 -0.55 0.10 0.00 0.0 0.03 0.81 444.4 2.94E-05 0.20 
45 20 0.195 -0.71 0.20 0.00 0.0 0.03 0.81 444.4 2.92E-05 0.20 
45 20 0.206 -0.67 0.20 0.00 0.0 0.03 0.81 444.4 2.90E-05 0.20 
24 4 barg, Veg. oil + Tap water 
45 20 0.447 -0.11 0.20 0.00 4.0 0.30 0.90 444.4 3.19E-05 0.20 
45 20 0.470 -0.06 0.20 0.00 4.0 0.30 0.90 444.4 3.32E-05 0.20 
45 20 0.618 0.24 0.10 0.00 4.0 0.30 0.90 444.4 3.07E-05 0.20 
45 20 0.625 0.26 0.10 0.00 4.0 0.30 0.90 444.4 3.16E-05 0.20 
25 
No DAF, Veg. oil + Tap 
water 
45 20 0.183 -0.75 0.20 0.00 0.0 0.30 0.90 444.4 3.15E-05 0.20 
45 20 0.231 -0.60 0.20 0.00 0.0 0.30 0.90 444.4 3.14E-05 0.20 
45 20 0.335 -0.34 0.10 0.00 0.0 0.30 0.90 444.4 2.93E-05 0.20 
45 20 0.328 -0.36 0.10 0.00 0.0 0.30 0.90 444.4 2.97E-05 0.20 
26 
4 barg, Lamp oil + Tap 
water 
30 20 0.320 -0.38 0.10 0.00 4.0 0.03 0.81 444.4 2.97E-05 0.20 
30 20 0.312 -0.40 0.10 0.00 4.0 0.03 0.81 444.4 3.32E-05 0.20 
30 20 0.294 -0.44 0.20 0.00 4.0 0.03 0.81 444.4 3.07E-05 0.20 
30 20 0.284 -0.46 0.20 0.00 4.0 0.03 0.81 444.4 2.97E-05 0.20 
27 
No DAF, Lamp oil + Tap 
water 
30 20 0.155 -0.85 0.20 0.00 0.0 0.03 0.81 444.4 3.03E-05 0.20 
30 20 0.171 -0.79 0.20 0.00 0.0 0.03 0.81 444.4 3.19E-05 0.20 
30 20 0.211 -0.66 0.10 0.00 0.0 0.03 0.81 444.4 2.98E-05 0.20 
30 20 0.212 -0.66 0.10 0.00 0.0 0.03 0.81 444.4 2.96E-05 0.20 
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28 4 barg, Veg. oil + Tap water 
30 10 0.731 0.50 0.10 0.00 4.0 0.30 0.90 222.2 2.71E-05 0.40 
30 10 0.791 0.67 0.10 0.00 4.0 0.30 0.90 222.2 3.00E-05 0.40 
30 10 0.531 0.06 0.20 0.00 4.0 0.30 0.90 222.2 2.92E-05 0.40 
30 10 0.514 0.03 0.20 0.00 4.0 0.30 0.90 222.2 2.93E-05 0.40 
29 4 barg, Veg. oil + Tap water 
30 15 0.710 0.45 0.10 0.00 4.0 0.30 0.90 333.3 2.69E-05 0.27 
30 15 0.711 0.45 0.10 0.00 4.0 0.30 0.90 333.3 2.60E-05 0.27 
30 15 0.528 0.06 0.20 0.00 4.0 0.30 0.90 333.3 2.94E-05 0.27 
30 15 0.509 0.02 0.20 0.00 4.0 0.30 0.90 333.3 2.79E-05 0.27 
30 4 barg, Veg. oil + Tap water 
30 20 0.466 -0.07 0.20 0.00 4.0 0.30 0.90 444.4 2.99E-05 0.20 
30 20 0.441 -0.12 0.20 0.00 4.0 0.30 0.90 444.4 2.89E-05 0.20 
30 20 0.658 0.33 0.10 0.00 4.0 0.30 0.90 444.4 2.94E-05 0.20 
30 20 0.638 0.28 0.10 0.00 4.0 0.30 0.90 444.4 2.86E-05 0.20 
31 
4 barg, Lamp oil + Tap 
water 
30 10 0.370 -0.27 0.10 0.00 4.0 0.03 0.81 222.2 3.11E-05 0.40 
30 10 0.373 -0.26 0.10 0.00 4.0 0.03 0.81 222.2 3.14E-05 0.40 
30 10 0.328 -0.36 0.20 0.00 4.0 0.03 0.81 222.2 3.07E-05 0.40 
30 10 0.327 -0.36 0.20 0.00 4.0 0.03 0.81 222.2 3.09E-05 0.40 
32 
4 barg, Lamp oil + Tap 
water 
30 15 0.361 -0.29 0.10 0.00 4.0 0.03 0.81 333.3 3.15E-05 0.27 
30 15 0.361 -0.29 0.10 0.00 4.0 0.03 0.81 333.3 3.16E-05 0.27 
30 15 0.321 -0.38 0.20 0.00 4.0 0.03 0.81 333.3 3.18E-05 0.27 
30 15 0.286 -0.46 0.20 0.00 4.0 0.03 0.81 333.3 3.19E-05 0.27 
33 
4 barg, Lamp oil + Tap 
water 
30 25 0.327 -0.36 0.05 0.00 4.0 0.03 0.81 555.6 2.24E-05 0.16 
30 25 0.303 -0.42 0.05 0.00 4.0 0.03 0.81 555.6 2.19E-05 0.16 
30 25 0.272 -0.49 0.10 0.00 4.0 0.03 0.81 555.6 3.20E-05 0.16 
30 25 0.273 -0.49 0.10 0.00 4.0 0.03 0.81 555.6 3.20E-05 0.16 
30 25 0.231 -0.60 0.20 0.00 4.0 0.03 0.81 555.6 3.17E-05 0.16 
30 25 0.274 -0.49 0.20 0.00 4.0 0.03 0.81 555.6 3.23E-05 0.16 
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34 
No DAF, Lamp oil + Tap 
water 
30 25 0.141 -0.90 0.10 0.00 0.0 0.03 0.81 555.6 3.10E-05 0.16 
30 25 0.141 -0.90 0.10 0.00 0.0 0.03 0.81 555.6 3.17E-05 0.16 
30 25 0.124 -0.98 0.20 0.00 0.0 0.03 0.81 555.6 3.16E-05 0.16 
30 25 0.128 -0.96 0.20 0.00 0.0 0.03 0.81 555.6 3.26E-05 0.16 
35 
3 barg, Lamp oil + Tap 
water 
30 20 0.284 -0.46 0.10 0.00 3.0 0.03 0.81 444.4 3.02E-05 0.20 
30 20 0.297 -0.43 0.10 0.00 3.0 0.03 0.81 444.4 3.06E-05 0.20 
30 20 0.224 -0.62 0.20 0.00 3.0 0.03 0.81 444.4 3.10E-05 0.20 
30 20 0.224 -0.62 0.20 0.00 3.0 0.03 0.81 444.4 3.08E-05 0.20 
36 3 barg, Veg oil + Tap water 
30 20 0.522 0.04 0.10 0.00 3.0 0.30 0.90 444.4 3.16E-05 0.20 
30 20 0.547 0.09 0.10 0.00 3.0 0.30 0.90 444.4 3.11E-05 0.20 
30 20 0.357 -0.29 0.20 0.00 3.0 0.30 0.90 444.4 3.18E-05 0.20 
30 20 0.385 -0.23 0.20 0.00 3.0 0.30 0.90 444.4 3.15E-05 0.20 
37 
4 barg, Lamp oil + Tap 
water + 2.0 g/L Alum 
30 20 0.491 -0.02 0.20 1.10 4.0 0.15 0.81 444.4 4.71E-05 0.20 
30 20 0.511 0.02 0.20 1.10 4.0 0.15 0.81 444.4 4.75E-05 0.20 
38 
4 barg, Veg oil + Tap water 
+ 2.0 g/L Alum 
30 20 0.723 0.48 0.20 1.10 4.0 0.32 0.90 444.4 4.57E-05 0.20 
30 20 0.721 0.48 0.20 1.10 4.0 0.32 0.90 444.4 4.68E-05 0.20 
39 
4 barg, Lamp oil + Tap 
water + 2.5 g/L Alum 
30 20 0.675 0.36 0.20 1.37 4.0 0.15 0.81 444.4 4.87E-05 0.20 
30 20 0.667 0.35 0.20 1.37 4.0 0.15 0.81 444.4 4.81E-05 0.20 
40 
4 barg, Veg oil + Tap water 
+ 2.5 g/L Alum 
30 20 0.856 0.89 0.20 1.37 4.0 0.32 0.90 444.4 4.62E-05 0.20 
30 20 0.819 0.76 0.20 1.37 4.0 0.32 0.90 444.4 4.68E-05 0.20 
41 
4 barg, Lamp oil + Tap 
water + 1.5 g/L Alum 
30 20 0.432 -0.14 0.20 0.82 4.0 0.15 0.81 444.4 4.90E-05 0.20 
30 20 0.467 -0.07 0.20 0.82 4.0 0.15 0.81 444.4 4.91E-05 0.20 
42 
4 barg, Veg oil + Tap water 
+ 1.5 g/L Alum 
30 20 0.624 0.25 0.20 0.82 4.0 0.32 0.90 444.4 4.66E-05 0.20 
30 20 0.625 0.25 0.20 0.82 4.0 0.32 0.90 444.4 4.62E-05 0.20 
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Experiments Vs. Predicted Removal Efficiencies of Inverse Hyperbolic 
Tangent Transformation 
Table A 90 Ex Experiments Vs. Predicted Removal Efficiencies of Inverse Hyperbolic 
Tangent Transformation 
SET Experiments Coil (%) Measured Predicted SSE Total 
1 No DAF, Lamp oil + Tap water  
0.06 0.337 0.232 1.11E-02 
1.56E-02 0.12 0.233 0.186 2.18E-03 
0.17 0.201 0.153 2.29E-03 
2 4 barg, Lamp oil + Tap water  
0.06 0.469 0.394 5.58E-03 
6.72E-03 0.11 0.328 0.340 1.49E-04 
0.16 0.258 0.289 9.90E-04 
3 4 barg, Lamp oil + Salty water  
0.06 0.770 0.703 4.49E-03 
4.63E-03 0.11 0.661 0.649 1.31E-04 
0.17 0.590 0.587 7.94E-06 
4 3 barg, Lamp oil + Salty water 
0.07 0.710 0.648 3.82E-03 
1.52E-02 0.11 0.574 0.604 9.25E-04 
0.15 0.460 0.563 1.05E-02 
5 No DAF, Veg oil + Tap water 
0.04 0.509 0.460 2.33E-03 
7.49E-03 0.11 0.417 0.374 1.89E-03 
0.23 0.310 0.253 3.27E-03 
6 No DAF, Veg oil + Salty water  
0.04 0.602 0.713 1.24E-02 
2.19E-02 0.11 0.528 0.595 4.47E-03 
0.22 0.419 0.490 5.03E-03 
7 4 barg, Veg oil + Salty water  
0.04 0.912 0.876 1.30E-03 
8.09E-03 0.11 0.869 0.832 1.38E-03 
0.22 0.824 0.750 5.41E-03 
8 4 barg, Veg oil + Tap water  
0.04 0.714 0.655 3.57E-03 
7.20E-03 0.11 0.606 0.572 1.19E-03 
0.22 0.495 0.446 2.45E-03 
9 No DAF, Lamp oil+ Salty water 
0.06 0.533 0.524 9.28E-05 
2.43E-03 0.13 0.429 0.446 3.14E-04 
0.17 0.353 0.398 2.03E-03 
10 4 barg, Veg oil + Salty water + 35 °C 
0.05 0.910 0.902 7.82E-05 
3.94E-03 0.12 0.887 0.865 4.66E-04 
0.23 0.845 0.786 3.40E-03 
11 No DAF, Lamp oil+ Tap water + 35 °C 
0.07 0.351 0.276 5.54E-03 
7.48E-03 0.13 0.265 0.221 1.93E-03 
0.18 0.182 0.180 6.41E-06 
12 3 barg, Lamp oil + Tap water 
0.11 0.267 0.299 1.07E-03 
1.08E-03 
0.11 0.209 0.206 7.14E-06 
13 3 barg, Veg oil + Tap water 0.10 0.537 0.541 1.79E-05 4.01E-03 
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0.19 0.371 0.435 3.99E-03 
14 
4 barg, Lamp oil + Tap water + Alum 1.0 
g/L 
0.20 0.417 0.430 1.69E-04 1.69E-04 
15 
4 barg, Veg oil + Tap water + Alum 1.0 
g/L 
0.25 0.497 0.577 6.48E-03 6.48E-03 
16 
4 barg, Veg. oil + Tap water + Alum 1.5 
g/L 
0.25 0.563 0.625 3.85E-03 3.85E-03 
17 
4 barg, Lamp oil + Tap water + Alum 1.5 
g/L 
0.24 0.448 0.467 3.42E-04 3.42E-04 
18 
4 barg, Lamp oil + Tap water + Alum 2.0 
g/L 
0.21 0.504 0.534 8.91E-04 8.91E-04 
19 
4 barg, Veg oil + Tap water + Alum 2.0 
g/L 
0.21 0.736 0.736 2.33E-07 2.33E-07 
20 
4 barg, Veg oil + Tap water + Alum 2.5 
g/L 
0.24 0.823 0.775 2.26E-03 2.26E-03 
21 
4 barg, lamp oil + Tap water + Alum 2.5 
g/L 
0.24 0.616 0.583 1.13E-03 1.13E-03 
22 4 barg, Lamp oil + Tap water 
0.20 0.197 0.252 3.07E-03 
1.62E-02 
0.20 0.245 0.252 5.37E-05 
0.10 0.270 0.353 6.89E-03 
0.10 0.275 0.353 6.14E-03 
23 No DAF, Lamp oil + Tap water 
0.10 0.273 0.199 5.34E-03 
1.72E-02 
0.10 0.251 0.199 2.65E-03 
0.20 0.195 0.133 3.87E-03 
0.20 0.206 0.133 5.34E-03 
24 4 barg, Veg. oil + Tap water 
0.20 0.447 0.465 3.43E-04 
2.97E-03 
0.20 0.470 0.465 1.95E-05 
0.10 0.618 0.585 1.03E-03 
0.10 0.625 0.585 1.58E-03 
25 No DAF, Veg. oil + Tap water 
0.20 0.183 0.283 1.00E-02 
1.95E-02 
0.20 0.231 0.283 2.67E-03 
0.10 0.335 0.390 3.01E-03 
0.10 0.328 0.390 3.80E-03 
26 4 barg, Lamp oil + Tap water 
0.10 0.320 0.349 8.76E-04 
5.56E-03 
0.10 0.312 0.349 1.42E-03 
0.20 0.294 0.249 2.04E-03 
0.20 0.284 0.249 1.23E-03 
27 No DAF, Lamp oil + Tap water 
0.20 0.155 0.131 5.79E-04 
2.67E-03 
0.20 0.171 0.131 1.62E-03 
0.10 0.211 0.196 2.24E-04 
0.10 0.212 0.196 2.43E-04 
28 4 barg, Veg. oil + Tap water 
0.10 0.731 0.703 8.11E-04 
1.88E-02 
0.10 0.688 0.703 8.00E-03 
0.20 0.531 0.593 3.94E-03 
0.20 0.514 0.593 6.26E-03 
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29 4 barg, Veg. oil + Tap water 
0.10 0.710 0.620 8.07E-03 
1.71E-02 
0.10 0.711 0.620 8.32E-03 
0.20 0.528 0.501 7.06E-04 
0.20 0.509 0.501 4.96E-05 
30 4 barg, Veg. oil + Tap water 
0.20 0.466 0.473 5.32E-05 
7.30E-03 
0.20 0.441 0.473 1.07E-03 
0.10 0.658 0.593 4.20E-03 
0.10 0.638 0.593 1.97E-03 
31 4 barg, Lamp oil + Tap water 
0.10 0.370 0.465 9.03E-03 
1.85E-02 
0.10 0.373 0.465 8.52E-03 
0.20 0.328 0.349 4.48E-04 
0.20 0.327 0.349 4.76E-04 
32 4 barg, Lamp oil + Tap water 
0.10 0.361 0.370 8.14E-05 
3.55E-03 
0.10 0.361 0.370 8.59E-05 
0.20 0.321 0.266 2.99E-03 
0.20 0.286 0.266 3.91E-04 
33 4 barg, Lamp oil + Tap water 
0.05 0.231 0.256 6.01E-04 
3.60E-02 
0.05 0.274 0.256 3.18E-04 
0.10 0.327 0.415 7.80E-03 
0.10 0.303 0.415 1.26E-02 
0.20 0.272 0.358 7.39E-03 
0.20 0.273 0.358 7.28E-03 
34 No DAF, Lamp oil + Tap water 
0.10 0.141 0.196 3.06E-03 
6.10E-03 
0.10 0.141 0.196 2.99E-03 
0.20 0.124 0.131 4.65E-05 
0.20 0.128 0.131 6.34E-06 
35 3 barg, Lamp oil + Tap water 
0.10 0.284 0.306 4.97E-04 
7.89E-04 
0.10 0.297 0.306 8.62E-05 
0.20 0.224 0.214 1.06E-04 
0.20 0.224 0.214 1.00E-04 
36 3 barg, Veg oil + Tap water 
0.10 0.522 0.537 2.38E-04 
4.97E-03 
0.10 0.547 0.537 8.84E-05 
0.20 0.357 0.417 3.60E-03 
0.20 0.385 0.417 1.05E-03 
37 
4 barg, Lamp oil + Tap water + 2.0 g/L 
Alum 
0.20 0.491 0.547 3.04E-03 
4.30E-03 
0.20 0.511 0.547 1.26E-03 
38 
4 barg, Veg oil + Tap water + 2.0 g/L 
Alum 
0.20 0.723 0.747 5.83E-04 
1.23E-03 
0.20 0.721 0.747 6.47E-04 
39 
4 barg, Lamp oil + Tap water + 2.5 g/L 
Alum 
0.20 0.675 0.626 2.42E-03 
4.13E-03 
0.20 0.667 0.626 1.71E-03 
40 
4 barg, Veg oil + Tap water + 2.5 g/L 
Alum 
0.20 0.856 0.805 2.57E-03 
3.63E-02 
0.20 0.819 0.850 3.37E-02 
41 
4 barg, Lamp oil + Tap water + 1.5 g/L 
Alum 
0.20 0.432 0.457 6.62E-04 
7.55E-04 
0.20 0.467 0.457 9.28E-05 
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42 
4 barg, Veg oil + Tap water + 1.5 g/L 
Alum 
0.20 0.624 0.677 2.84E-03 
5.61E-03 
0.20 0.625 0.677 2.77E-03 
  Root mean square of errors 5.43% 
 
Surface/Interfacial Tension Measurement 
Table A 91 Surface/interfacial tension measurement of water and lamp oil  
Property 
Water + Lamp oil 
σ1 σ2 σ3  ?̅? 
Water-air mN/m 68.2 68.1 68.3 68.2 
Water-oil mN/m 39.7 39.7 39.7 39.7 
Oil-air mN/m 26.4 26.5 26.1 26.3 
Spreading Coefficient mN/m       2.2 
Table A 92 Surface/interfacial tension measurement of water and vegetable oil 
Property 
Water + Vegetable oil 
σ1 σ2 σ3 ?̅? 
Water-air mN/m 68.5 68.8 68.6 68.6 
Water-oil mN/m 13.7 14.2 14.1 14.0 
Oil-air mN/m 34.3 34.3 34.3 34.3 
Spreading Coefficient mN/m       20.3 
Table A 93 Surface/interfacial tension measurement of salty water and lamp oil 
Property 
Salty Water + Lamp oil 
σ1 σ2 σ3 ?̅? 
Water-air mN/m 68.9 68.8 68.9 68.9 
Water-oil mN/m 34.9 35.2 35.1 35.1 
Oil-air mN/m 26.3 26.3 26.0 26.2 
Spreading Coefficient mN/m       7.6 
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Table A 94 Surface/interfacial tension measurement of salty water and vegetable oil 
Property 
Salty Water + Vegetable oil 
σ1 σ2 σ3 ?̅? 
Water-air mN/m 69.1 69.3 69.2 69.2 
Water-oil mN/m 9.4 9.4 9.4 9.4 
Oil-air mN/m 33.5 33.3 33.2 33.3 
Spreading Coefficient mN/m       26.5 
Table A 95 Surface/interfacial tension measurement of alum solution and lamp oil 
Property 
Alum solution + Lamp oil 
σ1 σ2 σ3 ?̅? 
Water-air mN/m 69.1 69.2 69.2 69.2 
Water-oil mN/m 32.3 32.4 32.4 32.4 
Oil-air mN/m 26.1 26.0 26.1 26.1 
Spreading Coefficient mN/m       10.7 
Table A 96 Surface/interfacial tension measurement of alum solution and vegetable oil 
Property 
Alum solution + Vegetable oil 
σ1 σ2 σ3 ?̅? 
Water-air mN/m 68.0 68.2 68.0 68.1 
Water-oil mN/m 12.3 12.4 12.4 12.4 
Oil-air mN/m 33.9 33.9 33.9 33.9 
Spreading Coefficient mN/m       21.8 
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APPENDIX B‡‡ 
APPENDIX B shows the remaining results from the correlation explained in Chapter 6. Fig. 
B 1 to Fig. B 20 exhibit the linear correlation of multiple regression. Fig. B 1 (1) to Fig. B 11 (21) 
show the linear correlation from the experiments that were analysed by FastHEX method and the 
rest (Fig. B 11 (22) to Fig. B 20) were analysed by the droplet counting method. The linear 
correlation is obtained from Eq. 6.4. 
Linear Correlation (LC) of Multiple Regression 
This section exhibits the remaining graphs from the linear correlation as explained in Eq. 6.7. 
Some of the removal efficiencies plotted in those graphs are predicted outside the range between 
0 and 1. 
 
Fig. B 1 LC of (1) No DAF (2) 4 barg with Lamp oil + Tap water at 45 L/min to SMV and 
Q2 =20 L/min  
                                                 
‡‡ Part of this section has been published in Chemical Engineering Research and Design. The title of the manuscript 
is ‘Removal of Fine Oil Droplets from Oil-in-Water Mixtures by Dissolved Air Flotation’. 
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Fig. B 2 LC of (3) 4 barg and (4) 3 barg lamp oil + salty water, 45 L/min to SMV and 20 
L/min to DAF 
 
Fig. B 3 LC of (5) No DAF, Veg oil + Tap water and (6) No DAF, Veg oil + salty water at 45 
L/min to SMV and Q2=20 L/min  
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Fig. B 4 LC of (7) 4 barg Veg oil + Salty water, (8) 4 barg, Veg oil + Tap water at 45 L/min 
to SMV and Q2=20 L/min  
  
Fig. B 5 LC of (9) No DAF, lamp oil + salty water, and (10) 4 barg, veg oil + salty water at 
35 °C 45 L/min to SMV and Q2=20 L/min  
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Fig. B 6 LC of (11) No DAF, lamp oil + tap water at 35 °C 45 L/min to SMV and Q2=20 
L/min and (12) 3 barg, lamp oil + tap water at 30 L/min to SMV and Q2=20 L/min  
 
Fig. B 7 LC of (13) 3 barg, veg. oil + tap water and (14) 4 barg, lamp and tap water + Alum 
1 g/L at 30 L/min to SMV and Q2=20 L/min  
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Fig. B 8 LC of (15) 4 barg, veg. oil + tap water + 1.0 g/L Alum and (16) 4 barg, veg oil and 
tap water + Alum 1.5 g/L at 30 L/min to SMV and Q2=20 L/min  
 
Fig. B 9 LC of (17) 4 barg, veg. oil + tap water 1.5 g/L Alum and (18) 4 barg, lamp oil+ tap 
water + Alum 2.0 g/L at 30 L/min to SMV and Q2=20 L/min  
0.0
0.2
0.4
0.6
0.8
1.0
0.00 0.05 0.10 0.15 0.20 0.25 0.30
E F
H
Coil(in) (%)
(15) 4 barg, Veg. oil + Tap water + 1.0 
g/L Alum
Linear correlation Experiment
0.0
0.2
0.4
0.6
0.8
1.0
0.00 0.05 0.10 0.15 0.20 0.25 0.30
E F
H
Coil(in) (%)
(16) 4 barg, Veg. oil + Tap water + 1.5 
g/L Alum
Linear correlation Experiment
0.0
0.2
0.4
0.6
0.8
1.0
0.00 0.05 0.10 0.15 0.20 0.25 0.30
E F
H
Coil(in) (%)
(17) 4 barg, Veg. + Tap water + 1.5 g/L 
Alum
Linear correlation Experiment
0.0
0.2
0.4
0.6
0.8
1.0
0.00 0.05 0.10 0.15 0.20 0.25
E F
H
Coil(in) (%)
(18) 4 barg, Lamp oil + Tap water + 2.0 
g/L Alum
Linear correlation Experiment
Aliff Radzuan Mohamad Radzi  Appendix B 
 185 
  
Fig. B 10 LC of (19) 4 barg, veg. oil + tap water 2.0 g/L Alum and (20) 4 barg, veg. oil+ tap 
water + Alum 2.5 g/L at 30 L/min to SMV and Q2=20 L/min  
 
Fig. B 11 LC of (21) 4 barg, Lamp oil + tap water 2.5 g/L Alum at Q1=30 L/min and Q2=20 
L/min and (22) 4 barg, lamp oil+ tap water at Q1=45 L/min and Q2=20 L/min to DAF tank 
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Fig. B 12 LC of (23) No DAF, lamp oil + tap water and (22) 4 barg, veg oil + tap water at 
Q1=45 L/min to SMV and Q2=20 L/min 
 
Fig. B 13 LC of (25) No DAF, veg. oil + tap water at Q1=45 L/min and Q2=20 L/min and 
(26) 4 barg, lamp oil+ tap water at Q1=30 L/min and Q2=20 L/min  
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Fig. B 14 LC of (27) No DAF, lamp oil + tap water at 30 L/min to SMV and 20 L/min to 
DAF tank and (28) 4 barg, veg oil + tap water at 30 L/min to SMV and 10 L/min to DAF 
tank.  
 
Fig. B 15 LC of (29) 4 barg, veg. oil + tap water at 30 L/min to SMV and 15 L/min to DAF 
tank and (30) 4 barg, veg. oil + tap water at 30 L/min to SMV and 20 L/min to DAF tank.  
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Fig. B 16 LC of (31) 4 barg, lamp oil + tap water at 30 L/min to SMV and 10 L/min to DAF 
tank and (30) 4 barg, lamp oil + tap water at 30 L/min to SMV and 15 L/min to DAF tank. 
 
Fig. B 17 LC of (33) 4 barg, lamp oil + tap water at 30 L/min to SMV and 25 L/min to DAF 
tank and (35) 3 barg, lamp oil + tap water at 30 L/min to SMV and 20 L/min to DAF tank. 
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Fig. B 18 LC of (36) 3 barg, veg. oil + tap water at 30 L/min to SMV and 20 L/min to DAF 
tank and (37) 4 barg, lamp oil + tap water + 2 g/L Alum at 30 L/min to SMV and 20 L/min 
to DAF tank. 
  
Fig. B 19 LC of (38) 4 barg, veg. oil + tap water+ 2 g/L Alum and (39) 4 barg, lamp oil + 
tap water + 2.5 g/L Alum at 30 L/min to SMV and 20 L/min to DAF tank. 
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Fig. B 20 LC of (40) 4 barg, lamp oil + tap water+ 1.5 g/L Alum and (41) 4 barg, veg. oil + 
tap water + 1.5 g/L Alum at 30 L/min to SMV and 20 L/min to DAF tank. 
Inverse Hyperbolic Tangent (IHT) 
This section exhibits the remaining graphs from the inverse hyperbolic tangent correlation 
explained in Eq. 6.6. 
 
Fig. B 21 IHT of (1) No DAF (2) 4 barg with Lamp oil + Tap water at 45 L/min to SMV 
and 20 L/min to DAF tank 
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Fig. B 22 IHT of (3) 4 barg and (4) 3 barg lamp oil + salty water, 45 L/min to SMV and 20 
L/min to DAF 
 
  
Fig. B 23 IHT of (5) No DAF, Veg oil + Tap water and (6) No DAF, Veg oil + salty water at 
45 L/min to SMV and 20 L/min to DAF tank 
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Fig. B 24 IHT of LC of (7) 4 barg Veg oil + Salty water, (8) 4 barg, Veg oil + Tap water at 
45 L/min to SMV and 20 L/min to DAF tank 
 
 
Fig. B 25 IHT of (9) No DAF, lamp oil + salty water, and (10) 4 barg, veg oil + salty water 
at 35 °C 45 L/min to SMV and 20 L/min to DAF tank 
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Fig. B 26 IHT of (11) No DAF, lamp oil + tap water at 35 °C 45 L/min to SMV and 20 L/min 
to DAF tank and (12) 3 barg, lamp oil + tap water at 30 L/min to SMV and 20 L/min to 
DAF tank 
 
 
Fig. B 27 IHT of (13) 3 barg, veg. oil + tap water and (14) 4 barg, lamp and tap water + 
Alum 1 g/L at 30 L/min to SMV and 20 L/min to DAF tank 
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Fig. B 28 IHT of (15) 4 barg, veg. oil + tap water + 1.0 g/L Alum and (16) 4 barg, veg oil 
and tap water + Alum 1.5 g/L at 30 L/min to SMV and 20 L/min to DAF tank  
 
 
Fig. B 29 IHT of (17) 4 barg, veg. oil + tap water 1.5 g/L Alum and (18) 4 barg, lamp oil+ 
tap water + Alum 2.0 g/L at 30 L/min to SMV and 20 L/min to DAF tank 
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Fig. B 30 IHT of (19) 4 barg, veg. oil + tap water 2.0 g/L Alum and (20) 4 barg, veg. oil+ tap 
water + Alum 2.5 g/L at 30 L/min to SMV and 20 L/min to DAF tank 
 
Fig. B 31 IHT of (21) 4 barg, Lamp oil + tap water 2.5 g/L Alum at 30 L/min to SMV and 
20 L/min to DAF tank and (22) 4 barg, lamp oil+ tap water at 45 L/min to SMV and 20 
L/min to DAF tank 
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Fig. B 32 IHT of (23) No DAF, lamp oil + tap water and (22) 4 barg, veg oil + tap water at 
45 L/min to SMV and 20 L/min to DAF tank. 
 
Fig. B 33 IHT of (25) No DAF, veg. oil + tap water at 45 L/min to SMV and 20 L/min to 
DAF tank and (26) 4 barg, lamp oil+ tap water at 30 L/min to SMV and 20 L/min to DAF 
tank. 
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Fig. B 34 IHT of (27) No DAF, lamp oil + tap water at 30 L/min to SMV and 20 L/min to 
DAF tank and (28) 4 barg, veg oil + tap water at 30 L/min to SMV and 10 L/min to DAF 
tank. 
 
Fig. B 35 IHT of (29) 4 barg, veg. oil + tap water at 30 L/min to SMV and 15 L/min to DAF 
tank and (30) 4 barg, veg. oil + tap water at 30 L/min to SMV and 20 L/min to DAF tank. 
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Fig. B 36 IHT of (31) 4 barg, lamp oil + tap water at 30 L/min to SMV and 10 L/min to 
DAF tank and (30) 4 barg, lamp oil + tap water at 30 L/min to SMV and 15 L/min to DAF 
tank. 
 
Fig. B 37 IHT of (33) 4 barg, lamp oil + tap water at 30 L/min to SMV and 25 L/min to 
DAF tank and (35) 3 barg, lamp oil + tap water at 30 L/min to SMV and 20 L/min to DAF 
tank. 
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Fig. B 38 IHT of (36) 3 barg, veg. oil + tap water at 30 L/min to SMV and 20 L/min to DAF 
tank and (37) 4 barg, lamp oil + tap water + 2 g/L Alum at 30 L/min to SMV and 20 L/min 
to DAF tank. 
 
 
Fig. B 39 IHT of (38) 4 barg, veg. oil + tap water+ 2 g/L Alum and (39) 4 barg, lamp oil + 
tap water + 2.5 g/L Alum at 30 L/min to SMV and 20 L/min to DAF tank. 
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Fig. B 40 IHT of (40) 4 barg, lamp oil + tap water+ 1.5 g/L Alum and (41) 4 barg, veg. oil + 
tap water + 1.5 g/L Alum at 30 L/min to SMV and 20 L/min to DAF tank. 
Inverse Hyperbolic Tangent Transformation 
This section shows the remaining graphs from the inverse hyperbolic tangent transformation. 
The graphs are correlated from Eq. 6.9. The removal efficiencies of oil droplets represent here are 
in the region 0 to 1.  
 
Fig. B 41 IHTT of (1) No DAF (2) 4 barg, lamp oil + tap water at 45 L/min to SMV and 20 
L/min to DAF tank.  
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Fig. B 42 IHTT of (3) 3 barg (4) 4 barg, lamp oil + salty water at 45 L/min to SMV and 20 
L/min to DAF tank.  
 
Fig. B 43 IHTT of (5) No DAF, Veg oil + Tap water and (6) No DAF, Veg oil + salty water 
at 45 L/min to SMV and 20 L/min to DAF tank 
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Fig. B 44 IHTT of (7) 4 barg Veg oil + Salty water, (8) 4 barg, Veg oil + Tap water at 45 
L/min to SMV and 20 L/min to DAF tank 
 
Fig. B 45 IHTT of (9) No DAF, lamp oil + salty water, and (10) 4 barg, veg oil + salty water 
at 35 °C 45 L/min to SMV and 20 L/min to DAF tank 
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Fig. B 46 IHTT of (11) No DAF, lamp oil + tap water at 35 °C 45 L/min to SMV and 20 
L/min to DAF tank and (12) 3 barg, lamp oil + tap water at 30 L/min to SMV and 20 L/min 
to DAF tank 
 
Fig. B 47 IHTT of (13) 3 barg, veg. oil + tap water and (14) 4 barg, lamp and tap water + 
Alum 1 g/L at 30 L/min to SMV and 20 L/min to DAF tank 
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Fig. B 48 IHTT of (15) 4 barg, veg. oil + tap water + 1.0 g/L Alum and (16) 4 barg, veg oil 
and tap water + Alum 1.5 g/L at 30 L/min to SMV and 20 L/min to DAF tank  
 
Fig. B 49 IHTT of (17) 4 barg, veg. oil + tap water 1.5 g/L Alum and (18) 4 barg, lamp oil+ 
tap water + Alum 2.0 g/L at 30 L/min to SMV and 20 L/min to DAF tank 
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Fig. B 50 IHTT of (19) 4 barg, veg. oil + tap water 2.0 g/L Alum and (20) 4 barg, veg. oil+ 
tap water + Alum 2.5 g/L at 30 L/min to SMV and 20 L/min to DAF tank 
 
Fig. B 51 IHTT of (21) 4 barg, Lamp oil + tap water 2.5 g/L Alum at 30 L/min to SMV and 
20 L/min to DAF tank and (22) 4 barg, lamp oil+ tap water at 45 L/min to SMV and 20 
L/min to DAF tank 
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Fig. B 52 IHTT of (23) No DAF, lamp oil + tap water and (22) 4 barg, veg oil + tap water at 
45 L/min to SMV and 20 L/min to DAF tank. 
 
Fig. B 53 IHTT of (25) No DAF, veg. oil + tap water at 45 L/min to SMV and 20 L/min to 
DAF tank and (26) 4 barg, lamp oil+ tap water at 30 L/min to SMV and 20 L/min to DAF 
tank. 
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Fig. B 54 IHTT of (27) No DAF, lamp oil + tap water at 30 L/min to SMV and 20 L/min to 
DAF tank and (28) 4 barg, veg oil + tap water at 30 L/min to SMV and 10 L/min to DAF 
tank. 
 
Fig. B 55 IHTT of (29) 4 barg, veg. oil + tap water at 30 L/min to SMV and 15 L/min to 
DAF tank and (30) 4 barg, veg. oil + tap water at 30 L/min to SMV and 20 L/min to DAF 
tank. 
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Fig. B 56 IHTT of (31) 4 barg, lamp oil + tap water at 30 L/min to SMV and 10 L/min to 
DAF tank and (30) 4 barg, lamp oil + tap water at 30 L/min to SMV and 15 L/min to DAF 
tank. 
 
Fig. B 57 IHTT of (33) 4 barg, lamp oil + tap water at 30 L/min to SMV and 25 L/min to 
DAF tank and (35) 3 barg, lamp oil + tap water at 30 L/min to SMV and 20 L/min to DAF 
tank. 
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Fig. B 58 IHTT of (36) 3 barg, veg. oil + tap water at 30 L/min to SMV and 20 L/min to 
DAF tank and (37) 4 barg, lamp oil + tap water + 2 g/L Alum at 30 L/min to SMV and 20 
L/min to DAF tank. 
 
 
Fig. B 59 IHTT of (38) 4 barg, veg. oil + tap water+ 2 g/L Alum and (39) 4 barg, lamp oil + 
tap water + 2.5 g/L Alum at 30 L/min to SMV and 20 L/min to DAF tank. 
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Fig. B  IHTT of (40) 4 barg, lamp oil + tap water+ 1.5 g/L Alum and (41) 4 barg, veg. oil + 
tap water + 1.5 g/L Alum at 30 L/min to SMV and 20 L/min to DAF tank. 
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Table B 1 The difference between experimental and predicted of the oil droplet removal 
efficiencies, sum of squares of error and root mean square of error for the linear 
correlation 
SET Experiments 
Coil 
(%) 
Measured  Predicted SEE Total 
1 No DAF, Lamp oil + Tap water  
0.06 0.354 0.264 8.11E-03 
1.33E-02 0.12 0.245 0.204 1.68E-03 
0.17 0.211 0.151 3.55E-03 
2 4 barg, Lamp oil + Tap water  
0.06 0.492 0.432 3.58E-03 
8.42E-03 0.11 0.344 0.381 1.38E-03 
0.16 0.271 0.330 3.46E-03 
3 4 barg, Lamp oil + Salty water  
0.06 0.808 0.719 8.01E-03 
8.97E-03 0.11 0.694 0.665 8.21E-04 
0.17 0.619 0.607 1.49E-04 
4 3 barg, Lamp oil + Salty water 
0.07 0.745 0.664 6.61E-03 
1.74E-02 0.11 0.602 0.623 4.16E-04 
0.15 0.483 0.585 1.04E-02 
5 No DAF, Veg oil + Tap water 
0.04 0.534 0.498 1.33E-03 
2.62E-03 0.11 0.438 0.419 3.54E-04 
0.23 0.326 0.295 9.42E-04 
6 No DAF, Veg oil + Salty water  
0.04 0.632 0.789 2.49E-02 
2.99E-02 0.11 0.555 0.603 2.35E-03 
0.22 0.440 0.492 2.70E-03 
7 4 barg, Veg oil + Salty water  
0.04 0.958 0.964 4.08E-05 
8.54E-03 0.11 0.913 0.887 6.82E-04 
0.22 0.865 0.777 7.81E-03 
8 4 barg, Veg oil + Tap water  
0.04 0.750 0.673 5.99E-03 
8.91E-03 0.11 0.636 0.596 1.66E-03 
0.22 0.520 0.484 1.26E-03 
9 No DAF, Lamp oil+ Salty water 
0.06 0.560 0.551 7.45E-05 
5.96E-03 0.13 0.450 0.483 1.10E-03 
0.17 0.370 0.440 4.78E-03 
10 4 barg, Veg oil + Salty water + 35 °C 
0.05 0.956 0.925 9.49E-04 
3.43E-02 0.12 0.931 0.847 7.09E-03 
0.23 0.887 0.725 2.62E-02 
11 No DAF, Lamp oil+ Tap water + 35 °C 
0.07 0.369 0.220 2.21E-02 
4.62E-02 0.13 0.278 0.154 1.53E-02 
0.18 0.191 0.098 8.78E-03 
12 3 barg, Lamp oil + Tap water 
0.11 0.280 0.340 3.61E-03 
3.74E-03 
0.21 0.219 0.231 1.32E-04 
13 3 barg, Veg oil + Tap water 
0.10 0.564 0.562 2.93E-06 
6.10E-03 
0.19 0.390 0.468 6.09E-03 
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SET Experiments Coil (%) Measured  Predicted SEE Total 
14 
4 barg, Lamp oil + Tap water + Alum 
1.0 g/L 
0.20 0.438 0.534 9.38E-03 9.38E-03 
15 
4 barg, Veg oil + Tap water + Alum 1.0 
g/L 
0.25 0.522 0.605 6.85E-03 6.85E-03 
16 
4 barg, Veg. oil + Tap water + Alum 1.5 
g/L 
0.25 0.591 0.647 3.11E-03 3.11E-03 
17 
4 barg, Lamp oil + Tap water + Alum 
1.5 g/L 
0.24 0.471 0.448 5.15E-04 5.15E-04 
18 
4 barg, Lamp oil + Tap water + Alum 
2.0 g/L 
0.21 0.529 0.556 7.11E-04 7.11E-04 
19 
4 barg, Veg oil + Tap water + Alum 2.0 
g/L 
0.21 0.773 0.762 1.13E-04 1.13E-04 
20 
4 barg, Veg oil + Tap water + Alum 2.5 
g/L 
0.24 0.864 0.810 2.89E-03 2.89E-03 
21 
4 barg, lamp oil + Tap water + Alum 
2.5 g/L 
0.24 0.647 0.601 2.12E-03 2.12E-03 
22 4 barg, Lamp oil + Tap water 
0.20 0.206 0.288 6.72E-03 
3.11E-02 
0.20 0.257 0.288 9.90E-04 
0.10 0.284 0.394 1.23E-02 
0.10 0.289 0.394 1.12E-02 
23 No DAF, Lamp oil + Tap water 
0.10 0.286 0.222 4.09E-03 
2.38E-02 
0.10 0.264 0.222 1.70E-03 
0.20 0.205 0.116 7.93E-03 
0.20 0.217 0.116 1.01E-02 
24 4 barg, Veg. oil + Tap water 
0.20 0.469 0.502 1.06E-03 
5.12E-03 
0.20 0.493 0.502 7.23E-05 
0.10 0.648 0.608 1.64E-03 
0.10 0.656 0.608 2.35E-03 
25 No DAF, Veg. oil + Tap water 
0.20 0.192 0.331 1.93E-02 
4.29E-02 
0.20 0.243 0.331 7.77E-03 
0.10 0.352 0.437 7.24E-03 
0.10 0.345 0.437 8.50E-03 
26 4 barg, Lamp oil + Tap water 
0.10 0.336 0.390 2.95E-03 
7.70E-03 
0.10 0.327 0.390 3.94E-03 
0.20 0.309 0.284 6.06E-04 
0.20 0.298 0.284 1.96E-04 
27 No DAF, Lamp oil + Tap water 
0.20 0.162 0.111 2.67E-03 
7.45E-03 
0.20 0.179 0.111 4.72E-03 
0.10 0.222 0.217 2.14E-05 
0.10 0.222 0.217 2.79E-05 
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SET Experiments Coil (%) Measured  Predicted SEE Total 
28 4 barg, Veg. oil + Tap water 
0.10 0.768 0.660 1.16E-02 
4.09E-02 
0.10 0.831 0.660 2.91E-02 
0.20 0.557 0.554 9.09E-06 
0.20 0.540 0.554 1.99E-04 
29 4 barg, Veg. oil + Tap water 
0.10 0.745 0.641 1.09E-02 
2.25E-02 
0.10 0.747 0.641 1.12E-02 
0.20 0.554 0.535 3.84E-04 
0.20 0.534 0.535 8.49E-07 
30 4 barg, Veg. oil + Tap water 
0.20 0.489 0.508 3.59E-04 
1.13E-02 
0.20 0.463 0.508 2.08E-03 
0.10 0.691 0.615 5.84E-03 
0.10 0.670 0.615 3.02E-03 
31 4 barg, Lamp oil + Tap water 
0.10 0.389 0.435 2.09E-03 
4.42E-03 
0.10 0.392 0.435 1.84E-03 
0.20 0.345 0.328 2.58E-04 
0.20 0.344 0.328 2.36E-04 
32 4 barg, Lamp oil + Tap water 
0.10 0.379 0.410 9.79E-04 
3.04E-03 
0.10 0.379 0.410 9.95E-04 
0.20 0.337 0.304 1.05E-03 
0.20 0.300 0.304 1.85E-05 
33 4 barg, Lamp oil + Tap water 
0.05 0.343 0.426 6.83E-03 
3.46E-02 
0.05 0.318 0.426 1.16E-02 
0.10 0.286 0.373 7.61E-03 
0.10 0.286 0.373 7.49E-03 
0.20 0.243 0.267 5.68E-04 
0.20 0.287 0.267 4.25E-04 
34 No DAF, Lamp oil + Tap water 
0.10 0.148 0.191 1.88E-03 
8.20E-03 
0.10 0.148 0.191 1.82E-03 
0.20 0.130 0.085 2.03E-03 
0.20 0.135 0.085 2.46E-03 
35 3 barg, Lamp oil + Tap water 
0.10 0.298 0.347 2.41E-03 
3.73E-03 
0.10 0.312 0.347 1.25E-03 
0.20 0.235 0.241 3.11E-05 
0.20 0.235 0.241 3.44E-05 
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SET Experiments Coil (%) Measured  Predicted SEE Total 
36 3 barg, Veg oil + Tap water 
0.10 0.548 0.565 2.95E-04 
1.04E-02 
0.10 0.574 0.565 7.94E-05 
0.20 0.375 0.459 7.03E-03 
0.20 0.404 0.459 3.01E-03 
37 
4 barg, Lamp oil + Tap water + 2.0 
g/L Alum 
0.20 0.516 0.567 2.62E-03 
3.55E-03 
0.20 0.537 0.567 9.32E-04 
38 
4 barg, Veg oil + Tap water + 2.0 
g/L Alum 
0.20 0.759 0.774 2.33E-04 
5.10E-04 
0.20 0.757 0.774 2.77E-04 
39 
4 barg, Lamp oil + Tap water + 2.5 
g/L Alum 
0.20 0.709 0.641 4.62E-03 
8.19E-03 
0.20 0.700 0.641 3.57E-03 
40 
4 barg, Veg oil + Tap water + 2.5 
g/L Alum 
0.20 0.898 0.850 2.39E-03 
2.50E-03 
0.20 0.860 0.850 1.18E-04 
41 
4 barg, Lamp oil + Tap water + 1.5 
g/L Alum 
0.20 0.453 0.487 1.11E-03 
1.12E-03 
0.20 0.490 0.487 1.50E-05 
42 
4 barg, Veg oil + Tap water + 1.5 
g/L Alum 
0.20 0.655 0.697 1.79E-03 
3.52E-03 
0.20 0.656 0.697 1.73E-03 
  Root mean square of errors 6.5% 
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Table B 2 The difference between experimental and predicted of the removal efficiencies of 
oil droplet, sum of squares of error and root mean square of error for the IHTT 
correlation 
SET Experiments 
Coil 
(%) Measured Predicted 
SSE Total 
1 No DAF, Lamp oil + Tap water  
0.06 0.354 0.248 1.12E-02 
1.62E-02 0.12 0.245 0.197 2.29E-03 
0.17 0.211 0.159 2.67E-03 
2 4 barg, Lamp oil + Tap water  
0.06 0.492 0.440 2.74E-03 
6.47E-03 0.11 0.344 0.379 1.21E-03 
0.16 0.271 0.321 2.53E-03 
3 4 barg, Lamp oil + Salty water  
0.06 0.808 0.767 1.69E-03 
3.48E-03 0.11 0.694 0.716 5.19E-04 
0.17 0.619 0.655 1.27E-03 
4 3 barg, Lamp oil + Salty water 
0.07 0.745 0.713 1.02E-03 
2.66E-02 0.11 0.602 0.670 4.59E-03 
0.15 0.483 0.628 2.10E-02 
5 No DAF, Veg oil + Tap water 
0.04 0.534 0.501 1.09E-03 
5.29E-03 0.11 0.438 0.405 1.06E-03 
0.23 0.326 0.270 3.13E-03 
6 No DAF, Veg oil + Salty water  
0.04 0.632 0.713 6.63E-03 
1.08E-02 0.11 0.555 0.595 1.64E-03 
0.22 0.440 0.490 2.50E-03 
7 4 barg, Veg oil + Salty water  
0.04 0.958 0.916 1.74E-03 
5.55E-03 0.11 0.913 0.881 9.87E-04 
0.22 0.865 0.812 2.83E-03 
8 4 barg, Veg oil + Tap water  
0.04 0.750 0.712 1.41E-03 
2.10E-03 0.11 0.636 0.629 5.55E-05 
0.22 0.520 0.495 6.37E-04 
9 No DAF, Lamp oil+ Salty water 
0.06 0.560 0.585 6.48E-04 
9.48E-03 0.13 0.450 0.502 2.73E-03 
0.17 0.370 0.448 6.10E-03 
10 
4 barg, Veg oil + Salty water + 35 
°C 
0.05 0.956 0.907 2.43E-03 
1.71E-02 0.12 0.931 0.868 3.92E-03 
0.23 0.887 0.783 1.07E-02 
11 
No DAF, Lamp oil+ Tap water + 35 
°C 
0.07 0.369 0.223 2.12E-02 
3.55E-02 0.13 0.278 0.172 1.13E-02 
0.18 0.191 0.136 3.09E-03 
12 3 barg, Lamp oil + Tap water 
0.11 0.280 0.328 2.26E-03 
2.27E-03 
0.11 0.219 0.221 3.76E-06 
13 3 barg, Veg oil + Tap water 
0.10 0.564 0.586 5.11E-04 
7.12E-03 
0.19 0.390 0.471 6.61E-03 
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SET Experiments 
Coil 
(%) 
Measured Predicted SSE Total 
14 
4 barg, Lamp oil + Tap water + 
Alum 1.0 g/L 
0.20 0.438 0.402 1.25E-03 1.25E-03 
15 
4 barg, Veg oil + Tap water + Alum 
1.0 g/L 
0.25 0.522 0.638 1.35E-02 1.35E-02 
16 
4 barg, Veg. oil + Tap water + Alum 
1.5 g/L 
0.25 0.591 0.660 4.80E-03 4.80E-03 
17 
4 barg, Lamp oil + Tap water + 
Alum 1.5 g/L 
0.24 0.471 0.434 1.33E-03 1.33E-03 
18 
4 barg, Lamp oil + Tap water + 
Alum 2.0 g/L 
0.21 0.529 0.569 1.60E-03 1.60E-03 
19 
4 barg, Veg oil + Tap water + Alum 
2.0 g/L 
0.21 0.773 0.774 1.55E-06 1.55E-06 
20 
4 barg, Veg oil + Tap water + Alum 
2.5 g/L 
0.24 0.864 0.812 2.62E-03 2.62E-03 
21 
4 barg, lamp oil + Tap water + Alum 
2.5 g/L 
0.24 0.647 0.620 7.17E-04 7.17E-04 
22 4 barg, Lamp oil + Tap water 
0.20 0.206 0.278 5.11E-03 
2.87E-02 
0.20 0.257 0.278 4.40E-04 
0.10 0.284 0.394 1.21E-02 
0.10 0.289 0.394 1.10E-02 
23 No DAF, Lamp oil + Tap water 
0.10 0.286 0.212 5.44E-03 
1.88E-02 
0.10 0.264 0.212 2.61E-03 
0.20 0.205 0.138 4.54E-03 
0.20 0.217 0.138 6.21E-03 
24 4 barg, Veg. oil + Tap water 
0.20 0.469 0.515 2.07E-03 
2.79E-03 
0.20 0.493 0.515 4.61E-04 
0.10 0.648 0.642 4.40E-05 
0.10 0.656 0.642 2.14E-04 
25 No DAF, Veg. oil + Tap water 
0.20 0.192 0.303 1.24E-02 
2.73E-02 
0.20 0.243 0.303 3.64E-03 
0.10 0.352 0.423 5.10E-03 
0.10 0.345 0.423 6.17E-03 
26 4 barg, Lamp oil + Tap water 
0.10 0.336 0.386 2.52E-03 
8.07E-03 
0.10 0.327 0.386 3.44E-03 
0.20 0.309 0.271 1.39E-03 
0.20 0.298 0.271 7.10E-04 
27 No DAF, Lamp oil + Tap water 
0.20 0.162 0.133 8.89E-04 
3.63E-03 
0.20 0.179 0.133 2.19E-03 
0.10 0.222 0.205 2.65E-04 
0.10 0.222 0.205 2.87E-04 
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SET Experiments Coil (%) Measured Predicted SSE Total 
28 4 barg, Veg. oil + Tap water 
0.10 0.768 0.682 7.48E-03 
3.01E-02 
0.10 0.688 0.682 8.00E-03 
0.20 0.557 0.559 3.51E-06 
0.20 0.540 0.559 3.60E-04 
29 4 barg, Veg. oil + Tap water 
0.10 0.745 0.675 5.02E-03 
1.05E-02 
0.10 0.747 0.675 5.23E-03 
0.20 0.554 0.551 1.20E-05 
0.20 0.534 0.551 2.90E-04 
30 4 barg, Veg. oil + Tap water 
0.20 0.489 0.528 1.50E-03 
7.39E-03 
0.20 0.463 0.528 4.28E-03 
0.10 0.691 0.654 1.37E-03 
0.10 0.670 0.654 2.40E-04 
31 4 barg, Lamp oil + Tap water 
0.10 0.389 0.413 6.00E-04 
6.01E-03 
0.10 0.392 0.413 4.70E-04 
0.20 0.345 0.294 2.50E-03 
0.20 0.344 0.294 2.43E-03 
32 4 barg, Lamp oil + Tap water 
0.10 0.379 0.396 2.78E-04 
4.25E-03 
0.10 0.379 0.396 2.87E-04 
0.20 0.337 0.279 3.27E-03 
0.20 0.300 0.279 4.18E-04 
33 4 barg, Lamp oil + Tap water 
0.05 0.243 0.268 6.34E-04 
4.62E-02 
0.05 0.287 0.268 3.71E-04 
0.10 0.343 0.446 1.05E-02 
0.10 0.318 0.446 1.63E-02 
0.20 0.286 0.382 9.31E-03 
0.20 0.286 0.382 9.18E-03 
34 No DAF, Lamp oil + Tap water 
0.10 0.148 0.192 1.92E-03 
3.97E-03 
0.10 0.148 0.192 1.86E-03 
0.20 0.130 0.123 4.88E-05 
0.20 0.135 0.123 1.32E-04 
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SET Experiments Coil (%) Measured Predicted SSE Total 
35 3 barg, Lamp oil + Tap water 
0.10 0.298 0.335 1.38E-03 
1.99E-03 
0.10 0.312 0.335 5.54E-04 
0.20 0.235 0.230 2.89E-05 
0.20 0.235 0.230 2.59E-05 
36 3 barg, Veg oil + Tap water 
0.10 0.548 0.590 1.79E-03 
1.25E-02 
0.10 0.574 0.590 2.64E-04 
0.20 0.375 0.460 7.27E-03 
0.20 0.404 0.460 3.17E-03 
37 
4 barg, Lamp oil + Tap water + 2.0 
g/L Alum 
0.20 0.516 0.583 4.52E-03 
6.69E-03 
0.20 0.537 0.583 2.17E-03 
38 
4 barg, Veg oil + Tap water + 2.0 g/L 
Alum 
0.20 0.759 0.785 6.84E-04 
1.44E-03 
0.20 0.757 0.785 7.57E-04 
37 
4 barg, Lamp oil + Tap water + 2.5 
g/L Alum 
0.20 0.709 0.666 1.84E-03 
3.04E-03 
0.20 0.700 0.666 1.20E-03 
40 
4 barg, Veg oil + Tap water + 2.5 g/L 
Alum 
0.20 0.898 0.841 3.32E-03 
3.70E-03 
0.20 0.860 0.841 3.85E-04 
41 
4 barg, Lamp oil + Tap water + 1.5 
g/L Alum 
0.20 0.453 0.481 7.84E-04 
8.67E-04 
0.20 0.490 0.481 8.35E-05 
42 
4 barg, Veg oil + Tap water + 1.5 g/L 
Alum 
0.20 0.655 0.714 3.50E-03 
6.91E-03 
0.20 0.656 0.714 3.41E-03 
  Root mean square of errors 5.76% 
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APPENDIX C§§ 
Experimental calculation 
Weber number 
Weber and Reynolds number are calculated using Eq. 4.2 and Eq. 4.3 
𝑾𝒆 =
𝟗𝟗𝟖. 𝟐 × 𝟐. 𝟓𝟐 × 𝟎. 𝟎𝟎𝟐
𝟎. 𝟖𝟐𝟐 × 𝟎. 𝟎𝟑𝟏𝟓
 
= 𝟓𝟖𝟗. 𝟏 
𝐑𝐞 =
𝟗𝟗𝟖. 𝟐 × 𝟐. 𝟓 × 𝟎. 𝟎𝟎𝟐
𝟎. 𝟖𝟐 × 𝟎. 𝟎𝟎𝟏
 
= 𝟔𝟎𝟖𝟔. 𝟔 
Mean droplet size 
Mean droplet size is calculated using Eq. 4.1. 
𝒅𝟑𝟐 = (𝟎. 𝟐𝟏 × 𝟓𝟖𝟗. 𝟏
−𝟎.𝟓 × 𝟔𝟎𝟖𝟔. 𝟐𝟎.𝟏𝟓) × 𝟎. 𝟎𝟎𝟐 
𝒅𝟑𝟐 = 𝟔. 𝟑 × 𝟏𝟎
−𝟓 
𝒅𝟑𝟐 ≈ 𝟔𝟑 𝝁𝒎 
Pressure drop of static mixer 
The pressure drop of static mixer is calculated using Eq. 4.4. 
∆𝒑 = 𝟐. 𝟔 × 𝟏𝟎𝟎𝟎 × 𝟐. 𝟓𝟐 ×
𝟎. 𝟎𝟕
𝟎. 𝟎𝟏𝟗
 
                                                 
§§ Part of this section has been published in Chemical Engineering Research and Design. The title of the manuscript 
is ‘Removal of Fine Oil Droplets from Oil-in-Water Mixtures by Dissolved Air Flotation’. 
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∆𝒑 = 𝟓𝟗𝟕𝟔 𝑷𝒂 
∆𝒑 ≈ 𝟎. 𝟎𝟔 𝒃𝒂𝒓 
Droplet rising time in cuvette 
The time taken for oil droplet to rise in the cuvette is calculated using Eq. 4.12. 
=
0.05
1.96 × 10−4
 
= 255 s 
Absorbance reading 
The calculation shows is an example of experiment No DAF, Lamp oil + Tap water at 
approximately Coil(in) = 0.18% using Eq. 4.9. The absorbance reading obtained from the Uv-Vis for 
the inlet (𝒂𝒊𝒏) and outlet (𝒂𝒐𝒖𝒕) oil are 0.04593 and 0.04565, respectively.  
𝐸𝐹𝐻=
𝑎𝑖𝑛 − 0.0446
0.00813 −
𝑎𝑜𝑢𝑡 − 0.0446
0.00813
𝑎𝑖𝑛 − 0.0446
0.00813
 
𝐸𝐹𝐻=
0.04593 − 0.0446
0.00813 −
0.04565 − 0.0446
0.00813
0.04593 − 0.0446
0.00813
 
𝐸𝐹𝐻 =
0.164 − 0.129
0.164
× 100% 
≈ 21.1% 
The calculation shows below is using the absorbance values from the same experiment as 
mentioned in Eq. 4.9. 
𝑬𝑭𝑯 =
0.04593 − 0.04565
0.04593 − 0.0446
× 100% 
≈ 21.1% 
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Flow rate meter calibration 
The actual flow rate is calculated as below; 
For the actual lamp oil flow rate at 50 CCM of rotameter flow rate; 
𝑦 = 9.20 × 10−6(50)2 + 3.97 × 10−4(50) 
= 0.043 𝐿/𝑚𝑖𝑛 
For the actual vegetable oil flow rate at 3.0 L/min rotameter flow rate; 
𝑦 = 0.0703(3.0)2 − 0.0536(3.0) 
= 0.47 𝐿/𝑚𝑖𝑛 
It is inefficient to determine the flow rate below 1 L/min of rotameter reading. Therefore Eq. 
4.16 is only valid to oil flow rate higher than 1 L/min. 
Inlet oil concentration calculation 
With the lamp oil rotameter set at 48 CCM, the actual flow rate of lamp oil can be calculated 
using Eq. 4.15;   
𝑦 = 9.2 × 10−6(48)2 + 3.97 × 10−4(48) 
=  0.0403 𝐿/𝑚𝑖𝑛 
For the 20 L/min flow rate of the mixture into the static mixer. 
𝐶𝑜𝑖𝑙 (%) =
0.0403 𝐿/𝑚𝑖𝑛
20 𝐿/𝑚𝑖𝑛
× 100% 
0.20% 
Eq. 4.16 was used to calculate the actual flow rate of vegetable oil with the vegetable oil 
rotameter set at 1.25 L/min, and the calculation is shown as below; 
𝑦 = 0.0703(1.25)2 − 0.0536(1.25) 
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= 0.0428 𝐿/𝑚𝑖𝑛 
The inlet oil concentration of the vegetable oil at 20 L/min of flow rate into the static mixer can 
be calculated as below. 
𝐶𝑜𝑖𝑙 (%) =
0.0428 𝐿/𝑚𝑖𝑛
20 𝐿/𝑚𝑖𝑛
× 100% 
0.21% 
Calculation of dynamic viscosity 
The calculations shown are examples of the terminal rise velocity of oil at 20 °C and 40 °C for 
a vegetable oil droplet with a diameter of 50 µm. At 20 °C, μw is 0.0011 kg/ms. These values are 
substituting in Eq. 2.12  
𝑢𝑜 =
9.81 × (1000 − 900) × (50 × 10−6)2
18 × 0.0011
 
= 1.24 × 10−4 𝑚/𝑠 
At 35 °C, μw is 7.0057x10-4 kg/ms  
𝑢𝑜 =
9.81 × (1000 − 900) × (50 × 10−6)2
18 × 7.0057 × 10−4
 
= 1.95 × 10−4 𝑚/𝑠 
Oil terminal rise velocity 
Eq. 2.12 was used to calculate the terminal rise velocity of vegetable oil droplet of 50 μm 
diameter size. The density of the water is 1000 kg m-3 and density of the oil is 900 kg m-3. The 
dynamic viscosity of the water is 0.0001 kg m-1s-1  
=
9.81 × (1000 − 900) × (50 × 10−6)2
18 × 0.001
 
= 1.36 × 10−4 𝑚/𝑠 
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Reynolds number of oil droplet 
Reynolds number of the oil droplet is estimated by Eq. 2.8. The terminal rise velocity 𝑢𝑜 of oil 
droplets for 50 μm was estimated in Eq. 2.12.  
=
1000 × 1.36 × 10−4 × 50 × 10−6
0.001
 
= 6.80 × 10−3 
Reynolds number of the mixture in the pipe 
Reynolds number of the mixture in the pipe is estimated by Eq. 4.3. The value of  𝑢𝑚 at 𝑄𝑚 =
 15 L min-1 is 0.833 m s-1 and 𝑑𝑝𝑖𝑝𝑒 is 0.02 m.  
=
1000 × 0.833 × 0.02
0.00085
 
= 19,608 
Oil rising time 
The height of the cuvette was measured to be 0.48 m and the time of oil rising to the surface of 
cuvette are calculated by Eq. 4.12. 
=
0.48
1.36 × 10−4
 
= 3.53 × 103 s 
Ionic Strength 
NaCl 
The molarity of the solution made by dissolving 3.5 g NaCl in 1000mL of water (molar mass 
of NaCl = 58.44 g mol-1) 
3.5 𝑔 𝑁𝑎𝐶𝑙
1000 𝑚𝐿 𝐻2𝑂
×
1000 𝑚𝐿
1 𝐿
×
1 𝑚𝑜𝑙 𝑁𝑎𝐶𝑙
58.44 𝑔 𝑁𝑎𝐶𝑙
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= 59.8 × 10−3 𝑚𝑜𝑙 𝐿−1 
Aluminium Ammonium Sulphate   
The molarity of the solution made by dissolving 1.0 g (NH4)Al(SO4)2 in 1000mL of water 
(molar mass of (NH)Al(SO4)2  = 273.15 g mol
-1) 
=
1 𝑔 (NH4)Al(SO4)2 
1000 𝑚𝐿 𝐻2𝑂
×
1000 𝑚𝐿
1 𝐿
×
1 𝑚𝑜𝑙 (NH4)Al(SO4)2 
273.15 𝑔(NH4)Al(SO4)2 
 
=  3.66 × 10−3 𝑚𝑜𝑙 𝐿−1 
The molarity of the solution made by dissolving 1.5 g (NH4)Al(SO4)2 in 1000mL of water 
(molar mass of (NH4)Al(SO4)2  = 273.15 g mol
-1) 
=
1 𝑔 (NH4)Al(SO4)2 
1000 𝑚𝐿 𝐻2𝑂
×
1000 𝑚𝐿
1 𝐿
×
1.5 𝑚𝑜𝑙 (NH4)Al(SO4)2 
273.15 𝑔(NH4)Al(SO4)2 
 
=  5.49 × 10−3 𝑚𝑜𝑙 𝐿−1 
The molarity of the solution made by dissolving 2.0 g (NH4)Al(SO4)2 in 1000mL of water 
(molar mass of (NH4)Al(SO4)2  = 273.15 g mol
-1) 
=
1 𝑔 (NH4)Al(SO4)2 
1000 𝑚𝐿 𝐻2𝑂
×
1000 𝑚𝐿
1 𝐿
×
2.0 𝑚𝑜𝑙 (NH4)Al(SO4)2 
273.15 𝑔(NH4)Al(SO4)2 
 
=  7.32 × 10−3 𝑚𝑜𝑙 𝐿−1 
The molarity of the solution made by dissolving 2.5 g (NH4)Al(SO4)2 in 1000mL of water 
(molar mass of (NH4)Al(SO4)2  = 273.15 g mol
-1) 
=
1 𝑔 (NH4)Al(SO4)2 
1000 𝑚𝐿 𝐻2𝑂
×
1000 𝑚𝐿
1 𝐿
×
2.5 𝑚𝑜𝑙 (NH4)Al(SO4)2 
273.15 𝑔(NH4)Al(SO4)2 
 
=  9.15 × 10−3 𝑚𝑜𝑙 𝐿−1 
The Ionic strength of NaCl solution calculated based on the Eq. 6.2 
𝑁𝑎+𝐶𝑙− = 0.06 𝑀 
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=
1
2
(0.06 × (1)2) + (0.06 × (−1)2) 
= 0.06𝑀 
Ionic strength of 1.0 g/L  (NH4)Al(SO4)2  solution 
=
1
2
[(3.66 × 10−3) + (32.94 × 10−3) + (29.28 × 10−3)] 
= 32.94 × 10−3 
Ionic strength of 1.5 g/L  (NH4)Al(SO4)2  solution 
=
1
2
[(5.49 × 10−3) + (49.41 × 10−3) + (43.92 × 10−3)] 
= 49.41 × 10−3 
Ionic strength of 2.0 g/L  (NH4)Al(SO4)2  solution 
=
1
2
[(7.32 × 10−3) + (65.88 × 10−3) + (58.56 × 10−3)] 
= 65.88 × 10−3 
Ionic strength of 2.5 g/L  (NH4)Al(SO4)2  solution 
=
1
2
[(9.15 × 10−3) + (82.35 × 10−3) + (73.2 × 10−3)] 
= 82.35 × 10−3 
Ratio of ionic strength 
The ratio of ionic strength is estimated by divided ionic strength of particular solution by the 
ionic strength of NaCl solution. The ionic strength of Alum solution at 1.0, 1.5, 2.0 and 2.5 g/L 
concentration are 3.29×10-2, 4.94×10-2, 6.59×10-2 and 8.24×10-2, respectively the ionic strength 
of NaCl solution is 6.00×10-2. Therefore the value of 𝐼𝑟 can be estimated as below 
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For 1.0 g/L alum concentration 
𝐼𝑟=
3.29 × 10−2
6.00 × 10−2
 
= 0.55 
For 1.5 g/L alum concentration 
𝐼𝑟=
4.94 × 10−2
6.00 × 10−2
 
= 0.82 
For 2.0 g/L alum concentration 
𝐼𝑟=
6.59 × 10−2
6.00 × 10−2
 
= 1.1 
For 2.5 g/L alum concentration 
𝐼𝑟=
8.24 × 10−2
6.00 × 10−2
 
= 1.37 
Pressure ratio 
Only saturator pressures of 3 and 4 barg were applied to the system apart from 0 barg (No 
DAF). The pressure ratio was obtained by divided the saturator pressure over atmospheric 
pressure. These are calculated as below.  
For 3 barg 
𝑃𝑟 =
4 𝑏𝑎𝑟𝑔
1 𝑏𝑎𝑟𝑔
 
= 4 
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For 3 barg 
𝑃𝑟 =
3 𝑏𝑎𝑟𝑔
1 𝑏𝑎𝑟𝑔
 
= 3 
Ratio of spreading coefficient 
The ratio of the spreading coefficient is calculated by dividing the spreading coefficient of that 
particular oil over the surface tension of the solution. The surface tension of tap water, salty water, 
and alum solution are 68.7, 68.7 and 69.2 mN m-1. The surface tension of vegetable oil and lamp 
oil in the tap water are 20.3 and 2.2 mN m-1. The surface tension of vegetable oil and lamp oil in 
the salty water are 26.5 and 7.6 mN m-1. The surface tension of vegetable oil and lamp oil in the 
alum solutions are 21.8 and 10.7 mN m-1. 
Spreading ratio lamp oil on water 
𝑆𝑟 =
2.2
68.7
= 0.032 
Spreading ratio of vegetable oil on water  
𝑆𝑟 =
20.3
68.7
= 0.295 
Spreading ratio of lamp oil on salty water 
𝑆𝑟 =
7.6
68.7
= 0.111 
Spreading ratio of vegetable oil on salty water 
𝑆𝑟 =
26.5
68.7
= 0.386 
Spreading ratio of lamp oil on alum solution 
𝑆𝑟 =
10.7
69.2
= 0.155 
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Spreading ratio of vegetable oil on alum solution 
𝑆𝑟 =
21.8
69.2
= 0.315 
Ratio of density 
The density of the lamp and vegetable oil are 810 and 900 kg m3. The density ratio is calculated 
by dividing the density of the oil over the density of continuous phase (1000 kg m3). 
Density ratio of lamp oil over continuous phase 
𝜌𝑟 =
810
1000
= 0.81 
Density ratio of vegetable oil over continuous phase 
𝜌𝑟 =
900
1000
= 0.90 
Reynolds number 
The results of the Reynolds number calculation is shown in Table C 1. 
Table C 1 Reynolds number of the mixture in the tank at five different flow rates and two 
different concentrations.  
Q  ρ 
(kg/m3) 
L (m) 
Ѵ kg/m s 
(20°C) 
Ѵ kg/m s 
(35°C) 
Rey 
20°C 
Rey  
35 °C  (L/min) (m3/s) 
10 1.67E-04 
1000 1 1.00E-03 7.26E-04 
166.7 229.7 
15 2.50E-04 250.0 344.6 
20 3.33E-04 333.3 459.5 
25 4.17E-04 416.7 574.3 
30 5.00E-04 500.0 689.2 
Sauter mean diameter over length of the tank 
The Sauter mean diameter is estimated by Eq. 4.1 and the dimensionless number is calculated 
by divided Sauter mean diameter over the length of the tank. The Sauter mean diameter for run 4 
was found to be 31.4 μm, and the length of the tank is 1 m. 
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𝑑32
𝐿
=
31.4 × 10−6
1
=  31.4 × 10−6
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APPENDIX D 
Risk Assessment 
The risk assessment was done to identify the hazards involved in this experimental study and 
to consider several preventive measured to reduce the hazard. The risk assessment was similar to 
what was done by Abia-Biteo Belope, (2010). During the experiments, it was noticed that the 
hazard is considered low after applying the preventive measures. The risk assessment can be found 
in Appendix D. 
Chemical handling 
There were three main chemicals used throughout this experiment; vegetable oil, lamp oil, and 
Hexane.  
Vegetable Oil 
Based on the MSDS provided by the manufacturer, vegetable oil is a low hazard chemical 
because it is the non-volatile oil extracted from the vegetable. It does not require any special 
actions while handling them and not harm the skin if in contact. However, gloves were used to 
avoid oil contacts with the skin. To prevent irritation to the eyes, a face shield or goggle/glasses 
were used when dealt with the oil. 
Lamp Oil 
Lamp oil is normal paraffin and consists of a mixture of Tetradecane, Pentadecane, and 
Hexadecane (Lamplight, 2003). It considers as flammable substance and no carcinogenic 
ingredients. Because of its high vapour concentration, it should be handling in a well-ventilated 
area. Approved organic vapour air-purifying respirator has to be worn to avoid direct inhalation. 
There is no exposure limit has been set to vapour’s exposure to lamp oil. However, it suggested 
by safety body to have a limit of 5mg/m3 for exposure to mists (Lamplight, 2003). To avoid 
irritation to the eyes, a face shield or goggle/glasses were used when dealt with the oil. 
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Hexane 
Hexane also considers as flammable where its auto-ignition temperature is 225°C (Sciencelab, 
2010). Hexane was handled in ventilated area and inside fume cupboard. Several personal 
protective equipment suggested to be used whilst handling Hexane is safety glass, lab coat, and 
vapour respirator. Chemical gloves should be wearing while handling it to avoid direct contact 
with skins. Wash with soap and rinse with water quickly if it in contact. Hexane does not have any 
carcinogenic effects. Use dry chemical power if small fire happens and water spray or fog if it 
large fire (Sciencelab, 2010). 
Ammonium aluminium sulfate / Alum 
Alum (NH4)Al(SO4)2 is a chemical that may cause irritation to the eyes, skin, and respiratory 
system. The personal protective equipment suggested to be used whilst handling alum are 
chemical goggle, disposable gloves, and disposable chemical facemask. In case someone affected 
with alum, thoroughly wash the eyes and skin with cold water if it comes into contact. One should 
seek for a medical assistance of a trained doctor if symptoms of any exposure or contact with 
materials persist 
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Risk Assessment Form DAF Unit 
 GENERAL RISK ASSESSMENT Assessment Ref: 
 
Date assessment issued: 15-11-2013 Description of area or activity being assessed: Dissolved Air Flotation experiment 
Area: 12 A/BC 00  
Activity: Conducting Dissolved Air Flotation experiment to determine the separation efficiency 
of oil droplets from the oil-in-water mixture. 
Planned review date: 
Retention period (+4 yrs from 
issue): 
 
Summary of assessment: The area / activities have been assessed against the existing control measures. The assessment has identified 
(number) issues and made (number) non-H&S recommendations. These findings are detailed in the action plan. 
 
Signature of assessor …………………………………… Name (print) Mr. Aliff Radzuan Mohamad Radzi    Date:  
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Managers Approval: 
I have reviewed this risk assessment in consultations with the assessor and accepted the issues identifies. The actions defined in this 
risk will be taken in order to reduce residual risks to a level that is as low as reasonably practicable.  
 
Signature of manager …………………………………… Name (print) Prof. Rex Thorpe                                  Date: 
 
 GENERAL RISK ASSESSMENT Assessment Ref: 
DESCRIPTION OF ACTIVITY or FACILITY AND ITS USE 
Description of activity 
Area: 12 A/BC 00 
Materials: Vegetable oil (Tesco), Lamp oil (Lamplight Farms), tap water, salty water and plant air. 
Apparatus: This unit consists of four water tanks, flotation vessel, pressurised pack column, pumps, sampling containers and associated 
pipe work. Coulter counter will be used to determine the droplet size distribution of oil in the water. 
Main Activities: Tap water/salty water will be mixed with oil in the static mixer to pass into the flotation tank. Air will be injected into 
the mixture in the flotation tank thus form micro bubbles. Samples will be taken from the streams entering and leave the flotation vessel 
to determine the oil concentration of each sample. Oil will be skimmed from the surface tank and the amount measured. 
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SAFETY RULES AND GENERAL COMMENTS 
Key Findings: 
Main risk/hazards to personnel or the apparatus identified included: fire due to flammable substances, Legionnaires Disease, trips 
and falls on wet and slippery floors. In addition lamp oil is volatile and is mildly irritant to eyes and skin. There is high pressure in the 
pressurized column. Electrical shock is possible, and corrosion of parts of the unit needs to be monitored. There are no outstanding 
safety actions for the risks identified.  
Key Comments: 
- Apart from the risk of fire from the oils, there are no other risks that could be considered life-threatening in this experiment. 
- The oils that will be used have low vapour pressures and so are not officially classified as flammable at room temperature. 
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 GENERAL RISK ASSESSTMENT Assessment Ref: 
HAZARDS 
Identify significant hazards relevant to this risk assessment 
Flammable / 
explosive 
Substances 
YES Hazardous Waste 
Disposal 
YES Storage / 
Housekeeping 
YES Temperature YES Travel Health N/A 
Ionising / non-
ionising 
Radiation 
N/A Discharge / Spill YES Falling Objects N/A Humidity N/A Stress N/A 
Exposure to 
Hazardous 
Substances 
N/A Slips, Trips & Fall YES Machinery / Power 
tools 
N/A Lighting  N/A Out of Hours 
Working 
N/A 
Biological 
Hazards 
N/A Electrical Safety YES Hygiene N/A Noise N/A Personal security N/A 
Cryogenic 
Hazard 
N/A Manual Handling N/A Welfare N/A Vibration YES  N/A 
Chemical 
Storage 
YES Working at Height N/A Pressure / Vacuum 
System 
YES Access / Egress N/A Display screen 
equipment 
N/A 
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 GENERAL RISK ASSESSTMENT Assessment Ref: 
WHO IS AT RISK 
Identify groups of individuals who need to be considered as part of this risk assessment 
Staff Contractors Visitors Others Higher Risk groups 
Employees N/A Cleaners N/A Visitors N/A Neighbours N/A Young person N/A 
Temporary staff N/A Maintenance 
engineer 
N/A Customers N/A Members of 
public 
N/A Disabled person N/A 
Operatives N/A Security N/A Delivery staff N/A Environment YES Children N/A 
Academics YES Catering staff N/A   Wildlife N/A Pregnant woman  N/A 
Students YES Contractors N/A     Lane workers N/A 
 
ASSESSMENT OF RISK 
Assess the risks against each significant hazard group identified 
Significant  Hazard Perceived 
Nature of 
Risk 
Existing Control Measures Residual 
Risk 
Low/Mediu
m/High 
Further 
action 
required 
Y/N 
Fire Low - The area is No Smoking zone.   
- Materials are only flammable when hot (high flash point). 
Low  No  
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Legionnaires Disease Low - Apparatus are drained and kept dry between runs to 
prevent the propagation and growth of legionella bacteria. 
- Apparatus is cleaned and flushed with cold water. 
- A regular inspection of apparatus.  
- The temperature of the water is kept dry to prevent bacteria 
from flourish (below 200C and above 600C). 
Low No 
Trips and falls from wet and 
slippery floors 
Low - The area is kept well illuminated to make it visible if the 
floor is wet. 
- Warning signs of slippery floor made visible during 
operation 
- Floor is mopped at the end of experiment 
- Caution signs are placed near the hose 
Low No 
Lamp oil volatile and is mildly 
irritant to eyes and skin 
Low - Use of gloves and goggle during the experiment. 
- Everyone in the lab 12 A/BC 00 wears special disposable 
masks during the experiment of Lamp oil.  
- The room is kept well ventilated during the experiment 
Low No 
High pressure Low - Column is installed with pressure relief valve which is 
tested 
- Regular check of all parts of the unit for corrosion and 
leaks where pressures up to 4 barg may be encountered 
- Operated the packed column within pressure limits 
recommended by vendor 
Low No 
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Electrical Shock Low  - Regular inspection to make sure there are not exposed 
electrical cable which might come into contact with water 
- Properly running all electric cables overhead 
- Hose is directed straight to the nearest drain 
- Hose is tightly placed in the drain 
Low  No  
 
ACTION PLAN 
Develop a prioritized action plan to support the risk assessment 
Action to be taken 
to reduce the risk 
Person responsible 
for completing 
action 
Target completion date (prioritized on 
risk) 
Action closer 
Date Priority Signature Date  
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Risk Assessment Form Viscosity Experiment 
 GENERAL RISK ASSESSMENT Assessment Ref: 
Date assessment issued: 15-06-2012 Description of area or activity being assessed: Viscosity measurement experiment 
Area: 05 BC 01  
Activity: To measure the viscosity of lamp oil and vegetable oil at different temperatures 
using U-Tube Viscometer. 
Planned review date: 
Retention period (+4 yrs from 
issue): 
 
Summary of assessment: The area / activities have been assessed against the existing control measures. The assessment has identified 
(number) issues and made (number) non-H&S recommendations. These findings are detailed in the action plan. 
 
 
 
 
Signature of assessor …………………………………… Name (print) Mr. Aliff Radzuan Mohamad Radzi    Date:  
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Managers Approval: 
I have reviewed this risk assessment in consultations with the assessor and accepted the issues identifies. The actions defined in this risk 
will be taken in order to reduce residual risks to a level that is as low as reasonably practicable.  
 
Signature of manager …………………………………… Name (print) Prof. Rex Thorpe                                  Date: 
 
Subsequent assessment review: Risk assessments require review and in some cases revision to ensure the assessment continues to 
reflect current working practices e.g. a review should be initiated in response to significant changes in the area / activity or if an accident 
/  incident has occurred. 
Review undertaken on: 15-06-2012                                                Comments: 
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 GENERAL RISK ASSESSTMENT Assessment Ref: 
 DESCRIPTION OF ACTIVITY or FACILITY AND ITS USE 
Description of activity 
Area: 05 BC 01  
Materials: Vegetable oil, Lamp oil, 
Apparatus: U-Tube viscometers and temperature control unit. 
Main Activities: The viscosity of vegetable oil and lamp oil will be measured by using U-tube Viscometers at two different temperatures,- 
room temperature and at 35 0C.  
SAFETY RULES AND GENERAL COMMENTS 
Key Findings: Main risk/hazards to personnel or the apparatus identified included: fire due to flammable substance, trips and falls. Lamp 
oil is low volatile and is mildly irritant to eyes and skin. Electrical shock is possible. There are no outstanding safety actions for the risks 
identified. 
Key Comments: 
- Apart from the risk of fire from oils, there are no other risks that could be considered life-threatening in this experiment. 
- The oils used have low vapour pressure and are not officially classified as flammable at room temperature.  
 
 GENERAL RISK ASSESSTMENT Assessment Ref: 
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 HAZARDS 
Identify significant hazards relevant to this risk assessment 
Flammable / 
explosive 
Substances 
YES Hazardous Waste 
Disposal 
YES Storage / 
Housekeeping 
YES Temperature YES Travel Health N/A 
Ionising / non-
ionising 
Radiation 
N/A Discharge / Spill YES Falling Objects N/A Humidity N/A Stress N/A 
Exposure to 
Hazardous 
Substances 
YES 
 
 
Slips, Trips & Fall YES Machinery / Power 
tools 
N/A Lighting  N/A Out of Hours 
Working 
N/A 
Biological 
Hazards 
N/A Electrical Safety YES Hygiene N/A Noise N/A Personal security N/A 
Cryogenic 
Hazard 
N/A Manual Handling N/A Welfare N/A Vibration N/A  N/A 
Chemical 
Storage 
YES Working at Height N/A Pressure / Vacuum 
System 
N/A Access / Egress N/A Display screen 
equipment 
YES 
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 GENERAL RISK ASSESSTMENT Assessment Ref: 
 WHO IS AT RISK 
Identify groups of individuals who need to be considered as part of this risk assessment 
Staff Contractors Visitors Others Higher Risk groups 
Employees N/A Cleaners N/A Visitors N/A Neighbours N/A Young person N/A 
Temporary staff N/A Maintenance 
engineer 
N/A Customers N/A Members of 
public 
N/A Disabled person N/A 
Operatives N/A Security N/A Delivery staff N/A Environment YES Children N/A 
Academics YES Catering staff N/A   Wildlife N/A Pregnant woman  N/A 
Students YES Contractors N/A     Lane workers N/A 
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ASSESSMENT OF RISK 
Assess the risks against each significant hazard group identified 
Significant  Hazard Perceived 
Nature of Risk 
Existing Control Measures Residual 
Risk 
Low/ 
Medium/
High 
Further 
action 
required 
Y/N 
Lack of training, 
knowledge and 
experience 
Damage the 
equipment and 
injury to users 
- Users have to familiarize with the equipment and make 
sure the equipment has done the latest safety check and 
maintenance. 
Low No 
Fire Damage to 
equipment and 
injury to users 
- The area is No Smoking zone.   
- Materials are only flammable when hot (high flash point). 
Low  No  
Slips, trips, and falls  Wet floor  - The area is kept well illuminated to make it visible if the 
floor is wet. 
- Wet floor to be mopped up if there is a spillage 
Low No 
Lamp oil is volatile 
and mildly  
Irritant to eyes 
and skin 
- Use of gloves and special disposable masks during the 
experiment. 
 
Low No 
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Electrical Shock 
Damage to 
equipment and 
electrical cable 
- Regular inspection to make sure there are not exposed 
electrical cable which might come into contact with water 
- All the electric cables properly connected to the machines. 
Low  No  
 
ACTION PLAN 
Develop a prioritized action plan to support the risk assessment 
Action to be taken 
to reduce the risk 
Person responsible 
for completing 
action 
Target completion date (prioritized on 
risk) 
Action closer 
Date Priority Signature Date  
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CoSHH Form Aluminium Ammonium Sulphate/Alum 
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CoSHH Form Mineral Oil (Lamp oil) 
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CoSHH Form Vegetable Oil 
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